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We report a novel method that allows the culture of
highly differentiated gastric surface mucous cells. Iso-
lated mouse gastric epithelial cells and fibroblasts
were co-cultured in a three-dimensional collagen gel
system, and the reconstructed mucosal surface
treated with an air-liquid interface. Cultured cells
were examined by histology, immunohistochemis-
try, and electron microscopy. Isolated epithelial cells
were positive for MUC5AC, and showed immature
mucous cell features (pre-pit cell stage) on cell-free
collagen gel. However, when given fibroblastic sup-
port, the epithelial cells differentiated into mature
surface mucous cells (pit cell stage), and showed a tall
columnar cell shape, basal round nuclei, and mucus-
filled cytoplasm. In the fine structure, the cells
showed junctional complexes, basal lamina, and gly-
cogen and secretary granules. Further treatment by
the air-liquid interface environment modified the dif-
ferentiated state of the pit cells (pit top cell stage);
resulting in the expression of cathepsin E, the disap-
pearance of glycogen granules and the apical accumu-
lation of secretory granules along with an increase in
apoptotic cells. This culture model should provide a
useful tool for studying gastric epithelial cell biology
and various diseases of the gastric mucosa. (Am J
Pathol 2003, 162:1905–1912)

Epithelial cells of gastric mucosa are organized in vertical
tubular structures consisting of an apical pit region, an
isthmus just below the pit, and a gland region forming the
lower part of the vertical unit.1 The gland consists of a
neck and a base. A single-cell-thick epithelium covers
the whole surface and lines the pit, isthmus, and gland.
The gastric units contain various cells; mucus-producing
surface mucous, mucous neck, acid-producing parietal,
pepsinogen-producing chief, and endocrine cells. Gas-
tric epithelial renewal is an asymmetric process. The
progenitor cells of the gastric unit are located in the
region of the isthmus, in the middle of the tubular unit,
and give rise to all of the gastric epithelial cell types that
migrate either up or down from this point. One type,
called the pit cell lineage, migrates up toward the luminal

surface and differentiates into surface mucous cells.
Other cell lineages migrate downward, slowly differenti-
ating into mucous neck, parietal, chief, and endocrine
cells. These bidirectional processes are known as fove-
olar and glandular differentiation, respectively.

A simple columnar epithelium, consisting of surface
mucous cells, lines the surface of the stomach and the pit
walls.2 After being produced in the isthmus, pre-pit cells
migrate in the direction of the pit while differentiating, and
as they enter this region become pit cells. The pit cells
continue ascending the pit wall in an outward direction
toward the gastric surface. After the cells have reached
the free surface, they eventually culminate into necrosis
or apoptosis. The cells degenerating in this manner are
phagocytosed by a neighbor or simply extruded into the
gastric lumen. In the course of this travel, the cells de-
velop to maturity characterized by the appearance of
mucous granules. Pre-pit cells have a small amount of
secretory granules scattered in the cytoplasm. Pit cells
are divided into two phases: a maturation phase, the pit
cell stage, during the ascension along the pit wall when
the cells produce many secretory granules and glycogen
granules in the apical cytoplasm, and a terminal differ-
entiation phase, the pit top cell stage, at the pit top when
disappearance of glycogen granules and the accumula-
tion of secretory granules beneath the apical membrane
is apparent. Although this process is well understood
from in vivo labeling studies, little is known about the
factors controlling growth and differentiation.3–6

Cellular interaction between epithelial and stromal
cells is a key determinant in the morphogenesis, prolifer-
ation, and cytodifferentiation of various organs.7 Devel-
opmental studies have shown the importance of interac-
tions between the mesenchyme and endoderm during
intestinal organogenesis.8 A specialized mesenchymal
cell, the pericryptal fibroblast, continues to interact with
cytodifferentiation of crypt stem cells even at the adult
stage.9 Because the gastric epithelium undergoes con-
tinuous renewal of its component cell lineages while
maintaining regional differentiation like the intestinal epi-
thelium,5 gastric fibroblasts ought to exert an influence on
the differentiation of gastric epithelial cells derived from
the stem cells. In fact, several studies have reported that
gastric stromal cells play an important role in glandular
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differentiation of gastric mucosa.8,10 However, the signif-
icance of whether fibroblasts influence the differentiation
of gastric surface mucous cells, namely foveolar differ-
entiation, remains unclear. To understand the role of fi-
broblasts in foveolar differentiation, we developed a new
in vitro model that utilizes type I collagen, the major com-
ponent of the interstitium, as a matrix for cell proliferation
and differentiation.

The air-liquid interface (ALI) culture method is known
to be useful in promoting the specific differentiation of
several epithelial cell types.11–17 However, little is known
about the application of the ALI culture technique to
gastrointestinal epithelial cells. We have tried to examine
the effect of ALI culture on gastric epithelial cells in
primary culture.

In this paper, we demonstrate a novel method that
allows the culture of highly differentiated gastric surface
mucous cells. Our results show that stromal fibroblasts
promote the differentiation of gastric surface mucous
cells, and that ALI conditions allow for the modification of
the state of differentiation of pit cells.

Materials and Methods

Isolation of Gastric Epithelial Cells and
Fibroblasts from Newborn Mice

On postnatal day 1, the glandular stomach of C57BL/6
mice was minced and digested in Dispase I solution
(bacterial neutral protease: 1000 protease U/ml; Goudoh-
Shusei, Tokyo, Japan) for 50 minutes at 37°C. The cell
suspension was dispersed in phosphate-buffered saline
(PBS) and centrifuged. Isolated gastric epithelial cells
were obtained as sediment. To obtain isolated gastric
fibroblasts, a primary monolayer culture was first estab-
lished. Digested tissue fragments as described above
were seeded on culture dishes and maintained in Ham’s
F12 supplemented with 10% fetal calf serum (FCS,
Sigma, St. Louis, MO) and 50 �g/ml gentamicin at 37°C
in a humidified atmosphere of 5% CO2 in air. Fibroblasts
with spindle shapes grew from the fragments and within
3 weeks became a confluent monolayer. These fibro-
blasts were subcultured for 5 to 8 passages and used as
gastric fibroblasts, which were positive for vimentin and
negative for cytokeratin (data not shown).

Reconstruction Culture of the Gastric Surface
Mucosa

We developed a double-dish culture system, a modifica-
tion of our previous method.11 In the control culture,
isolated epithelial cells were cultured on a cell-free type I
collagen gel with a nitrocellulose bottom (Figure 1A). The
cells were maintained in complete medium, which was a
1:1 mixture of Eagle’s minimum essential medium (MEM)
and Ham’s F12 medium supplemented with 20% FCS
and 50 �g/ml gentamicin. To reconstruct the gastric sur-
face mucosa, type I collagen gel solution was mixed with
isolated fibroblasts at a concentration of 2.5 � 105 cells

per ml. The fibroblast-containing collagen gel layers were
compatible with gastric lamina propria in vivo. The epi-
thelial cells were cultured on the reconstructed lamina
propria under immersion conditions (Figure 1B). To ex-
amine the effects of fibroblast-derived soluble factors,
isolated gastric epithelial cells were cultured on a cell-
free collagen gel with fibroblast-conditioned medium,
which was elaborated by monolayer-cultured fibroblasts
in the outer dish (Figure 1C). Finally, the reconstructed
gastric mucosa was treated as an ALI as previously
described.12 As shown in Figure 1D, the apical media of
the inner dish was removed and the outer media was
aspirated to the level of the surface epithelial cells. That
is, the apical surfaces of the cells were exposed to hu-
midified atmospheric air supplemented with 5% CO2,
while the cells were supplied with nutrients from the basal
side. Since the humidity inside the incubator was above
95%, the surface of the cells was maintained in a moist
condition. The culture assembly was carried out over a
period of 7 days, and the medium was changed every
other day.

Examination of Culture Cells

Culture cells were examined as described below.

Histology

Culture cells were fixed with Carnoy’s solution at 4°C
for 2 hours, routinely processed and then vertically em-
bedded in paraffin. Deparaffinized cross sections were
stained with hematoxylin and eosin (H&E).

Histochemistry

To detect mucous substances, sections were stained
with periodic acid-Schiff (PAS). To identify zymogen

Figure 1. Schematic representation of the double-dish culture system. A:
Control culture. The epithelial cells are cultured on cell-free type I collagen
gels. B: Reconstruction culture for gastric surface mucosa. Isolated gastric
epithelial cells are maintained on fibroblast-containing collagen gel layer
under immersion conditions. C: Effects of fibroblast-derived soluble factors
on epithelial differentiation. Isolated epithelial cells are cultured on the
cell-free collagen gel layer with conditioned medium elaborated by mono-
layer-cultured fibroblasts in the outer dish. D: Air-liquid interface (ALI) culture.
The reconstructed gastric mucosa was treated with an ALI environment.
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granules in chief cells, sections were stained using a
modified Bowie’s method.18 The sections were hydro-
lyzed in preheated 1 mol/L HCl at 60°C for 10 minutes,
immersed in 2% Schiff’s reagent for 10 minutes, washed
with 2.5% sodium thiosulfate in 0.5 mol/L HCl, rinsed with
distilled water and immersed in 20% alcohol for 5 min-
utes, placed in Bowie’s solution for 15 hours at room
temperature, differentiated with 98% acetone, and dehy-
drated with 100% acetone, cleared with xylene and
mounted. To detect neuroendocrine granules in endocrine
cells, sections were stained with Grimelius’ method.19

Immunohistochemistry

The antibodies used are listed below. A rat polyclonal
antibody cathepsin E (Wako Pure Chemicals, Osaka,
Japan) was used to detect the gastric surface mucous
cells.20 A mouse monoclonal antibody 45M1 (Novocas-
tra, Newcastle, UK) was used to detect the gastric mucin
MUC5AC.21 A mouse monoclonal antibody HIK1083
(M-GGMC-1, Kanto Kagaku, Tokyo, Japan) was used to
detect the gastric mucous neck cells.22 Mouse monoclo-
nal anti-H�/K�-ATPase was from Affinity Bioreagents
(Golden, CO). Mouse monoclonal antibodies MUC2 and
CD10 (Novocastra, Newcastle, UK) were used to identify
the intestinal goblet cells and absorptive cells, respec-
tively. Mouse monoclonal anti-cytokeratin was from
Nichirei (Tokyo, Japan), and mouse monoclonal anti-vi-
mentin was from Dako (Kyoto, Japan). Deparaffinized
sections were immunostained by the avidin-biotin com-
plex immunoperoxidase (ABC) method as described pre-
viously.23 As a positive control, normal mouse stomach
and intestine was applied to immunohistochemistry. The
controls always gave positive results in a cell type-spe-
cific manner. As a negative control, PBS or normal rabbit
IgG was used instead of primary antibodies. The controls
always gave negative results.

Transmission Electron Microscopy

Culture cells were fixed with 2.5% glutaraldehyde and
1% osmic acid, dehydrated with alcohol, and embedded
in epoxy resin. For the detection of mucosubstances, thin
sections were stained using periodic acid-thiocarbohy-
drazide-silver proteinate (PA-TCH-SP) method.24 The
sections were observed by electron microscopy (JME-
1210, JEOL, Tokyo, Japan).

Morphometric Analysis

To estimate the degree of epithelial cytodifferentiation,
the vertical cell height, vertical nuclear height, and nu-
clear vertical-horizontal ratio were measured. A total of
500 cells in each of the culture conditions were counted
in at least 20 randomly chosen non-contiguous fields
(high power view, �40 objective) of the H&E sections
from five independent experiments.

Cell Proliferation

Bromodeoxyuridine (BrdU, 10 mg/ml) was added to
the culture medium for 6 hours. Deparaffinized sections
from the culture assembly were immunostained with anti-
BrdU antibody in accord with the procedures of the cell
proliferation kit’s manufacturer (Amersham, Buckingham-
shire, UK). To obtain the rate of nuclear BrdU intake, 1000
cells were counted and the percentage of BrdU-positive
nuclei calculated.

Apoptosis

In accord with the Apop Tag manual, using an in situ
apoptosis detection kit and peroxidase (Oncor Inc.,
Gaithersburg, MD), apoptotic cells were labeled by the
terminal deoxynucleotidyl transferase-mediated deoxy-
UTP nick end labeling (TUNEL) method.25 To obtain the
index of apoptosis, 1000 cells were counted and the
percentage of apoptotic cells calculated.

Reagents

In this study, the following growth factors were added to
culture medium to determine whether they could repro-
duce epithelial differentiation as induced by gastric fibro-
blasts. Human recombinant hepatocyte growth factor
(HGF), epidermal growth factor (EGF), and transforming
growth factor-�1 (TGF-�1) were from R&D Systems (Min-
neapolis, MN). Human recombinant basic fibroblast
growth factor (bFGF), keratinocyte growth factor (KGF),
insulin-like growth factor I (IGF-I), insulin-like growth fac-
tor II (IGF-II) and platelet-derived growth factor (PDGF)
were from Pepro Tech Inc. (Rocky Hill, NJ).

Statistical Analysis

Data obtained from five to six independent experiments
were analyzed by Mann-Whitney’s U-test. Results were
expressed as means � SEM and were considered sig-
nificant with P values of �0.05.

Results

In the control culture, the epithelial cells showed imma-
ture features on a cell-free collagen gel (Figure 1A). The
cells had a wide flat shape, flattened nuclei, and a small
amount of PAS-positive mucus (Figure 2A). Cell height
was 5.1 � 0.2 �m, mean nuclear height was 2.0 � 0.1 �m
and the nuclear vertical-horizontal ratio was 0.26 � 0.16.
Cells were positive for MUC5AC, and had very little stain-
ing with cathepsin E (Figure 3A). These results suggest
that the isolated epithelial cells were derived from a pit
cell lineage, and that the cells showed immature features
on the cell-free collagen gels without fibroblastic support.
Next, we reconstructed the gastric surface mucosa in a
three-dimensional co-culture system. The epithelial cells
were cultured on a fibroblast-containing collagen gel cor-
responding to the lamina propria in immersion conditions
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Figure 2. Light micrographs of the reconstructed gastric mucosa. A: In the control culture, the epithelial cells appear flat on the cell-free gel. A small amount of
mucus is stained with PAS. B: Reconstructed gastric surface mucosa as schematically illustrated in Figure 1B. These epithelial cells have a tall columnar shape,
basally situated round nuclei, and mucus-filled cytoplasm. The intracytoplasmic mucus is stained with PAS. C: The epithelial cells have a columnar shape on
cell-free collagen gel with conditioned medium elaborated by fibroblast-feeder layer. D: Under the air-liquid interface condition, the epithelial cells show a tall
columnar shape and oval nuclei on fibroblast-containing collagen gel. The epithelial cells have a small amount of PAS-positive mucus beneath the apical
membrane.
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(Figure 1B). Under these conditions, highly polarized
epithelium was observed. Cultured epithelial cells
showed a tall columnar shape, basally situated round
nuclei, and clear cytoplasm that was almost entirely filled
with mucus (Figure 2B). The intracytoplasmic mucus
stained strongly with PAS. Cell height was 11.7 � 0.5 �m,
mean nuclear height was 4.6 � 0.2 �m, and the nuclear
vertical-horizontal ratio was 1.08 � 0.07. Immunohisto-
chemically, these epithelial cells were positive for gastric
surface mucous cell maker, MUC5AC, and the cytoplasm
of the cells stained with cathepsin E (Figure 3B). Less
than 5% of the epithelial cells had mucus that reacted
with the mucous neck cell maker, HIK1083 (data not
shown). Neither Bowie’s method, H�/K�-ATPase, nor
Grimelius’ method had any reactivity in the cultured cells
(data not shown), indicating that none of these epithelial
cells showed glandular differentiation; such as to chief,
parietal, or endocrine cells. The cells also showed no
expression of intestinal goblet cell marker MUC2 and
absorptive cell marker CD10 (data not shown). In the fine
structure, cultured epithelial cells (Figure 4A) were almost
identical to mouse gastric surface mucous cells just after
birth (Figure 4B). They showed stubby microvilli protrud-
ing from the apical membrane. Many secretory granules
in the apical cytoplasm and many glycogen granules in
the supra- and infra-nucleus region appeared. Using the
PA-TCH-SP method, the secretory granules and glyco-
gen granules were seen to contain large amounts of the
reaction product (Figure 4C). The lateral membranes of
each cell attached to those of their neighbors by junc-
tional complexes at their apical regions (Figure 4D), and
below by desmosomes, which often connected with well-
developed intercellular digitations (Figure 4E). An elec-
tron-dense band, the basal lamina, followed the contours
of the basal surface of these epithelial cells (Figure 4F).
These results suggest that the cultured epithelial cells
differentiate into gastric surface mucous cells in the pit
cell stage.

In medium conditioned by a fibroblast-feeder layer
(Figure 1C), the polarized epithelial cells on the cell-free
collagen gel showed a columnar shape, round nuclei,
and the production of PAS-positive mucus (Figure 2C).
Mean cell height was 10.0 � 0.3 �m, mean nuclear
height 4.6 � 0.2 �m, and the nuclear vertical-horizontal
ratio 1.18 � 0.10. These epithelial cells were positive for
MUC5AC; however, as they had very little staining, the
results could not conclusively show that they were spe-
cific for the expression of cathepsin E (Figure 3C). The
results, though, did suggest that the fibroblasts play an
important role in the differentiation mechanisms of gastric
surface mucous cells. To assess whether well-character-
ized growth/differentiation factors might mediate the fo-
veolar differentiation, isolated gastric epithelial cells were
cultured on the cell-free collagen gel either with EGF (10
ng/ml), bFGF (10 ng/ml), IGF-I (10 ng/ml), IGF-II (10
ng/ml), PDGF (10 ng/ml), KGF (10 ng/ml), HGF (10 ng/
ml), or TGF-�1 (10 ng/ml). However, none of these treat-

Figure 3. Immunohistochemistry in vivo and in vitro. Note that MUC5AC is
stained with mucus of a pit cell lineage unrelated to their differentiated stage.
On the other hand, cathepsin E is stained gradually along with their maturity.
The gastric surface epithelium, pit top cells, stain strongly with cathepsin E.
A: Control culture. The epithelial cells have very little reactivity. B: The
reconstructed gastric mucosa. The epithelial cells show cytoplasmic staining.
C: Fibroblast-feeder layer. The cells have very little staining. D: ALI culture.
The epithelial cells show strong positive like the gastric surface epithelium
in vivo.

Figure 4. Electron micrographs of the reconstructed gastric mucosa in im-
mersion conditions. A: The epithelial cells are maintained on fibroblast-
containing collagen gel under immersion conditions. Highly polarized, tall
columnar epithelial cells have many secretory granules (S) and many glyco-
gen granules (G) in their cytoplasm. B: Mouse gastric surface mucous cells
just after birth in vivo. C: Secretory granules (S) and glycogen granules (G)
contain a large amount of the reaction product in vitro. Stubby microvilli
(MV) protrude from the apical surface. PA-TCH-SP method. D: The cultured
epithelial cells are typically joined together in their apical regions by junc-
tional complexes (arrows). E: Lateral membranes of cultured epithelial cells
are highly interdigitated and interconnected by desmosomes (arrow). F:
Cultured epithelial cells organize the basal lamina (arrows) at the contact
side with collagen gel (*). *, collagen gel; F, fibroblast; G, glycogen granules;
S, secretory granules; MV, microvilli; N, nuclei.
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ments satisfactorily promoted pit cell differentiation (data
not shown).

In the next series of experiments, we examined the
effects of an ALI on gastric surface mucous cells in the
reconstructed gastric mucosa (Figure 1D), because ALI
culture conditions promote the differentiation of various
epithelial cell types.11–17 When the epithelial cells were
treated with an ALI environment, they showed a tall co-
lumnar shape, central oval nuclei, and considerably
lesser PAS-positive mucus just under the apical mem-
brane (Figure 2D compared to Figure 2B). Mean cell
height was 13.4 � 0.2 �m, mean nuclear height 6.4 � 0.1
�m, and the nuclear vertical-horizontal ratio 1.98 � 0.05.
Cells were positive for MUC5AC in the apical cytoplasm
(Figure 3D). The cultured epithelial cells strongly stained
with cathepsin E like the gastric mucosal surface in vivo
(Figure 3D). Figure 5B shows the fine structure of pit top
cells in mouse gastric mucosa at 7 days after birth. Note
the secretory granules in the superficial cytoplasm and
the disappearance of glycogen granules. Interestingly,
cultured epithelial cells closely resembled the pit top
cells in the fine structure (Figure 5A). The secretory gran-
ules accumulated just beneath the apical membrane and
glycogen granules disappeared in their cytoplasm.
These epithelial cells also displayed microvilli at their
apical surface, junctional complexes on the lateral sur-
face, and basal lamina at the basal side. Surprisingly,
these cells released the contents of the secretory gran-
ules by exocytosis (Figure 5C). On the other hand, cy-
todifferentiation was not observed in cultured epithelial
cells on fibroblast-free collagen gel in the ALI environ-
ment (data not shown). These results suggest that the ALI

environment modified the state of differentiation of the pit
cells.

We evaluated cell proliferation and apoptosis of these
differentiated epithelial cells in both immersion and ALI
culture conditions. The BrdU intake of the cells showed
no significant differences between immersion and ALI
cultures (0.31 � 0.17 and 0.98 � 0.55, respectively; P �
0.20). The index of apoptotic cells in the ALI culture was
higher than that in the immersion culture (1.39 � 0.37 and
0.47 � 0.05, respectively; P � 0.02). These results sug-
gest that an ALI environment might cause the accelera-
tion of foveolar differentiation, and then degeneration as
the final fate of gastric surface mucous cells in vitro.

Discussion

In the present study, we established a new in vitro method
that reconstructed gastric surface mucosa. When given
fibroblastic support, cultured epithelial cells differenti-
ated into a mature mucous secreting cell phenotype.
Mammalian gastric mucosa has two types of mucous
secreting cells, surface mucous and mucous neck cells.
In the cytoplasm of these two types, mucins differ from
each other in their different sugar structures. In mouse
glandular stomach, surface mucous and mucous neck
cells typically react with anti-gastric mucin monoclonal
antibodies, MUC5AC26 and HIK1083.22 The gastric lumi-
nal surface epithelium, namely pit top cells, expresses
the acid proteinase, cathepsin E.26 Isolated gastric epi-
thelial cells are positive for MUC5AC, and epithelial cells
with fibroblastic support strongly expressed cathepsin E
under ALI conditions. None of the cells showed glandular
differentiation, such as to chief, parietal, or endocrine
cells. They could also be distinguished from intestinal
goblet or absorptive cells by the absence of any expres-
sion of the intestinal cell markers, MUC2 and CD10. Thus
we identified the cultured epithelial cells as gastric sur-
face mucous cells, not only by their morphological fea-
tures but also by their functional characteristics.

Primary cultures of gastric epithelial cells have been
established in conventional culture dishes.27–30 Com-
pared with those conventional cultures, our in vitro
method creates a physiological environment: the epithe-
lial cells are supported by type I collagen as extracellular
matrix, supplied with nutrients from the basal side, inter-
act closely with stromal fibroblasts, and are exposed to
luminal air at the apical surface. When given fibroblastic
support, isolated epithelial cells differentiated into mature
surface mucous cells, suggesting that epithelial-mesen-
chymal interaction is important for foveolar differentiation.
This phenomenon, fibroblast-induced cytodifferentiation,
is consistent with other surface-covering epithelium such
as skin,11 cornea,13 oral cavity,14 and urinary bladder
mucosa.31 Although some papers have argued that glan-
dular differentiation of the gastric mucosa requires glu-
cocorticoids,10 our preliminary experiments have not
confirmed glandular differentiation in this in vitro method
from adding glucocorticoids. Healing of a gastric ulcer
requires the proliferation of immature pit cells in the isth-
mus region that migrate from the ulcer margin onto the

Figure 5. Electron micrographs of the reconstructed gastric mucosa at an
air-liquid interface environment. A: The epithelial cells are maintained on a
fibroblast-containing collagen gel with an ALI treatment. Tall, columnar
epithelial cells accumulate many secretory granules (S) beneath the apical
membrane in vitro. Glycogen granules disappear from the cytoplasm. B: Pit
top cells in mouse gastric surface mucosa at 7 days after birth. The epithelial
cells have secretory granules (S) just under the apical membrane. C: The
secretory granule appears to be opening and releasing its contents by exo-
cytosis. *, collagen gel; S, secretory granules; MV, microvilli; N, nuclei; V,
vacuole.
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granulation tissue and cover the ulcer bed.3–5 In this
process, fibroblasts in the granulation tissue probably
play an important role in the progressively foveolar differ-
entiation of the regenerative cells. Chronic gastritis is
defined as the presence of chronic mucosal inflammatory
changes leading eventually to foveolar hyperplasia and
glandular atrophy. These mucosal alterations may be
influenced not only by various inflammatory cytokines but
also by stromal fibroblasts. Further studies to identify the
fibroblast-derived soluble factors and the expressions of
their receptors on epithelial cells are currently being un-
dertaken in our laboratories.

The ALI culture method is known to be useful in pro-
moting the specific differentiation of several epithelial cell
types.11–17 Additionally, our recent studies have demon-
strated that an ALI environment induces invasive growth
of squamous cell carcinoma cells,32 the active prolifera-
tion of fibroblasts involving a mitogen-activated protein
kinase cascade,23 and the long-term preservation of thy-
roid follicles with C cells in vitro.33 Although the precise
mechanisms of ALI-modified cytodifferentiation remain
unclear, we believe that the ALI technique is close to the
physiological environment for surface epithelial cells in
that the cells are supplied with nutrients from the basal
side and are not immersed in the apical media. These
conditions may provide the epithelial cells with a suitable
environment to retain their correct polarity. Several stud-
ies have shown that ALI culture conditions improved
oxygenation with both increased oxygen consumption
and ATP contents, and decreased lactate production in
cells; in contrast, conventional immersion cultures hin-
dered adequate oxygenation with increases in glycolytic
enzyme synthesis and lactate production.34–37 Surface-
covering epithelial cell types may use the aerobic envi-
ronment to maintain homeostasis, and thus protect sub-
epithelial organs against air. We hypothesize that the ALI
environment might be involved in the differentiation
mechanisms of gastric surface mucous cells in vivo. Fur-
ther studies to elucidate the mechanism of ALI-induced
cytodifferentiation are currently underway in our labora-
tories.

This in vitro method should be useful to construct var-
ious gastric disease models, eg, Helicobacter pylori infec-
tion, ulcer healing, and cancer invasion. The inner and
outer culture dishes could be regarded as the gastric
lumen and body sides, respectively. A pathogenic agent,
for instance, may be mixed with the inner medium as if it
were infused into the stomach. An agent, including other
cell types, could be injected into the outer medium and
may be construed as coming from blood or interstitial
fluid. Furthermore, our in vitro method could be applied to
reconstruct the mucosa of the alimentary tract and open
new ways for studying the gastric epithelial cell biology
and various diseases of the gastric mucosa.
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