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Abstract

The oxyntic mucosa of the mouse stomach is lined with a heterogeywords

neous population of cells that form numerous short pits continuouBadioautography

with long tubular glands. Tritiated thymidine radioautography hag3astric epithelium

made it possible to pinpoint the origin of all cell types and to follow the>temecells

differentiation/migration of different cell lineages along the pit-gland ¢&!l proliferation/

unit. The proliferating multipotent stem cells functionally anchored inowerem""Itlon programs
. Lineage progenitors

the upper glandular region, the isthmus, give rise to three main linea L2
+ “lransgenic mice

differentiating into mucus-producing pit cells; 2) pre-neck cells, which
migrate downward to the glandular neck while differentiating into
mucus-producing neck cells that, by approaching the glandular base,
gradually change their phenotype into pepsinogen- and intrinsic fac-
tor-producing zymogenic cells; 3) pre-parietal cells, which differenti-
ate into acid-producing parietal cells in the isthmus and then undergo
bipolar migration towards the pit and the glandular base. Thus, parietal
cells are the only cells that complete their differentiation in the isthmus
and then migrate to be scattered throughout the pit-gland unit. To
determine whether parietal cells play a role in controlling decisions
about cell fate within the pit-gland unit, the gastric epithelium has
been examined in transgenic mice expressing the H,K-ATPase R3-
subunitl93s © *24simian virus 40 large T antigen fusion gene. The
blockade in parietal cell differentiation in these mice produces an
amplification of lineage precursors, a marked depletion of zymogenic
cells and an increase in pit cell census. Ablation of parietal cells in
another transgenic mouse model expressing the H,K-ATPase 3-sub-
unit-1935 © +24diphtheria toxin fragment A fusion gene also produces
amplification of lineage precursors, and similar effects on zymogenic
and pit cell census. These findings strongly suggest that parietal cells
produce regulatory signals that control the cellular differentiation
program of both pit and zymogenic cell lineages, and would hopefully
improve our ability to identify the cellular pathways leading to malig-
nant transformation.
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Introduction the luminal surface via short pits. These pit-
gland units, also called “zymogenic units”
The mouse stomach consists of three maif2), consist of a structurally and functionally
regions: the fundus which is lined with strati-heterogeneous population of cells that in-
fied squamous keratinized epithelium, thelude several cell types. 1) The mucus-se-
pyloric antrum which is continuous with thecreting pit cells, or surface mucous cells, are
duodenum and lined with one layer of cell§ound in the pit region and on the luminal
that invaginates to form numerous long pitsurface and are characterized by a group of
continuous with short mucous glands, andense mucous granules (3-5). The granules
the body (or corpus) which forms the mairare packed in an organelle-free apical area
central region of the stomach and is linedalled ectoplasm (2,6). In the mouse, there
with one layer of cells that forms numerousare 37 pit cells per unit; their Golgi apparatus
short pits continuous with long tubular glandsproduces a uniformly fine particulate con-
In this review, we will concentrate only ontent packed in prosecretory vesicles which
the epithelial cells of the body region of theeventually form secretory granules. The di-
mouse stomach. ameter of the granules varies around 350
The pit-gland units found in the corpusnm. The granule contents are homogeneously
region of the mouse stomach are not statidense except on the free surface where they
structures. Cellular proliferation, commit-may acquire a core (2,6). Two lectitiex
ment, migration-associated differentiationgeuropaeusype 1 agglutinin and cholera toxin
and death programs occur perpetually along subunit, can be used as markers for pit
the pit-gland axis of these units. The exteneells in adult and developing mice (7,8). 2)
sive dynamism of this epithelium is furtherThe acid-secreting parietal cells have been
indicated by its rapid regeneration after damextensively investigated by Forte et al. (9),
age. In addition, interactions amongst thé&lelander (4) and Ito (5). In the mouse, there
different gastric epithelial cell populationsare 26 parietal cells per unit; they are scat-
play a major role in determining the structurdered along the pit and all three glandular
and function of the pit-gland unit. The mainregions and are characterized by an intracel-
objective of this review is to summarize alllular canalicular system, cytoplasmic tubu-
of these fundamental features of the pitlovesicular elements, long numerous mi-
gland units in the body region of the mouserovilli lining canalicular/apical membranes
stomach from studies in which tritiated thy-and large numerous mitochondria. Antibod-
midine radioautography, electron microsies against the- and 3-subunits of the H,K-
copy, multilabeled immunocytochemistry,ATPase (10-12), the cytoskeletal protein ezrin
and genetic manipulation techniques havél3) and the Lewisblood group antigen,

been utilized. Galbl,4(Fucal,3)GIcNacbl (8,14), as well
as the lectiDolicus biflorusagglutinin (7,8),
Normal mice are all molecular markers for parietal cells in

developing and adult mice. 3) The mucus/

Morphological identification of the main pepsinogen-secreting neck cells have been
cell types along the pit-gland un8ince the well characterized as an entity separate from
1830s, it has been recognized that the maraymogenic and pit cells by Wattel and Geuze
malian gastric mucosa contains numerou€l5). The mouse stomach contains 13 neck
glandular structures comprising mucus-proeells per unit; they are located in the neck
ducing glands in the pylorus and pepsinoregion and their Golgi apparatus produces
gen-producing glands in the corpus (1). Imlense irregular material packed in the center
the mouse, the glands of the corpus open intf prosecretory vesicles and light material
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packed at the periphery of the same vesicleanit. These cells can be identified by neck
These vesicles form cored granules scattereell-specific lectins and pepsinogen-specific
throughout the cytoplasm in comparison t@ntibodies, markers for both neck and zy-
the apical granules of pit cells. The diametemogenic cells (8,19).

of neck cell granules varies around 570 nm. Identification of the gastric epithelial
The Grifforia simplifolica Il lectin can be precursor cells in the isthmus regidfthile
used as a marker for neck cells (7,8) in botharietal, entero-endocrine and caveolated
adult and developing mice. 4) The pepsinoeells are scattered in the four unit regions, pit
gen-secreting zymogenic cells have beecells are localized to pit, neck cells to the
extensively studied by Samloff (16) andneck and zymogenic cells to the base. The
Hersey (17). The mouse stomach containzlls found in the isthmus region appear to
67 zymogenic cells per unit; they are typicabe small and devoid of prominent signs of
serous cells characterized by a basal stack differentiation. Stevens and Leblond (3) first
rough ER cisternae and apical zymogen grasuggested a role for these isthmal cells, i.e.,
ules with a homogeneously pale content (2kontinuous replacement of cells lining the
Antibodies against pepsinogen and intrinsipit and gastric lumen. With the advent of
factor are utilized as markers specific fottritiated thymidine radioautography, the fre-
mouse zymogenic cells (8,18,19). Duringquent mitosis of isthmal cells and their out-
morphogenesis, while pit, neck and parietalvard migration along the pit wall have been
cells appear as early as embryonic day 18jsualized (23). The presence of few “undif-
typical zymogenic cells only appear at postferentiated” cells among the isthmal cells
natal day 21 (8). 5) The peptide-secretindpas been reported in the stomach of the rat
entero-endocrine cells have been characteg(24) and mouse (25). Our serial sections of
ized and extensively studied by Solcia et athe isthmus region of the mouse gastric gland
(20). The subtypes of these cells vary basembnfirmed the presence of these undifferen-
on the shape of the secretory granules anihted cells, and revealed seven different ad-
their peptide content. In the mouse, there aitional early committed precursor cells
13 entero-endocrine cells per unit compris(2,26). 1) Undifferentiated granule-free cells
ing several subtypes. They are scattered aloeghibit an embryonic cell-like feature, i.e.,
the four unit regions but are mainly found inscanty cytoplasm loaded with free ribosomes,
the base (2). 6) The villin-rich caveolatedmuch diffuse nuclear chromatin, and large
cells have been discovered by Hammontkticulated nucleoli. The mitochondria and
and LaDeur (21) and Nabeyama and Leblonugh ER cisternae are scanty, and the Golgi
(22); they are characterized by a microvilapparatus is primitive. Because of the ab-
lous tuft protruding into the glandular lu- sence of secretory granules in the cytoplasm
men, and long narrow convoluted caveolbfthese undifferentiated cells, they are called
that open between the microvilli. In the“granule-free” cells (2,26). All seven cell
mouse, they are very few (1 cell per 2-3ypes cited below have features similar to
units) but may be found in any of the fourthose of the undifferentiated granule-free
gland regions (2). 7) In the upper segment afells, but in addition they have a feature
the base region, there are pre-zymogeniadicating early commitment. 2) Pre-pit cell
cells (2) which are characterized by a Golgprecursors are characterized by a Golgi ap-
apparatus producing prosecretory vesiclgsaratus producing prosecretory vesicles simi-
and secretory granules whose contents afar to those of the pit cells. 3) Pre-neck cell
pear to be intermediate between those girecursors have Golgi apparatus producing
neck cells and zymogenic cells. In the mousprosecretory vesicles similar to those of the
stomach, there are 5 pre-zymogenic cells pa&eck cells. No specific markers are available
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for the granule-free cells or the precursors ajland unit and to follow their differentiation/
both pre-pit and pre-neck cells. 4) Pre-pitnigration pathways with time. Radioauto-
cells are characterized by a Golgi apparatugraphs thus represent the source of valuable
producing prosecretory vesicles similar tadata on the labeling indices of various cell
those of pre-pit cell precursors and pit cellstypes at different time intervals. Cell prolif-
They also have dense secretory granules sin@ration is restricted to the isthmus region
lar to those of pit cells, but are fewer andvhere granule-free cells are the most prolif-
smaller; their diameter varies around 20@rative; pre-pit and pre-neck cells and their
nm. 5) Pre-neck cells are characterized by arecursors also have some potential for mi-
Golgi apparatus producing prosecretoryosis, whereas pre-parietal cells do not di-
vesicles similar to those of pre-neck cellide. The shiftin tritiated thymidine labeling
precursors and neck cells. They also hawbat occurs with time from pre-pit to pit cells
cored secretory granules similar to those dias confirmed morphological findings and
neck cells, but are fewer and smaller; theindicated that they constitute one lineage (6)
diameter varies around 398 nm. 6) Pre-parthat migrates upwards to the free surface
etal cells are characterized by parietal celiFigure 1). The shiftin the labeling from pre-
like features, i.e., long apical microvilli andneck to neck cells has confirmed morpho-
an incipient intracellular canaliculus; theylogical studies and indicated that they be-
include three subtypes: one carrying a fedong to one lineage. The morphological fea-
secretory granules similar to those of pre-pitures of pre-zymogenic cells and the fact that
cells, the second with cored granules similathey acquire thymidine labeling after neck
to those of pre-neck cells, and the third deeells and before the zymogenic cells indicate
void of any granules. 7) Pre-entero-endothat they represent a transition during the
crine cells are characterized by a few enddransformation of neck cells into zymogenic
crine-type secretory granules. 8) Preeells (29). Thus, pre-neck, neck, prezymo-
caveolated cells are characterized by feygenic and zymogenic cells all constitute one
caveoli and microvilli similar to those of lineage that migrates towards the bottom of
caveolated cells. the gland (Figure 1). Also, the shift in label-
The stem cell of the mouse gastric epitheng from pre-parietal to parietal cells indi-
lium. In renewing epithelia, stem cells arecates that they constitute a third lineage, but
defined by their high proliferative capacitywith a bipolar mode of migration towards
to ensure their own persistence while proeither the pit orifice or gland bottom (30).
ducing committed cells (27) and their primi-Similar to parietal cells, the entero-endo-
tive embryonic cell-like features (28). Triti- crine and caveolated cells develop in the
ated thymidine radioautography combinedsthmus and undergo bipolar migration (31;
with electron microscopy revealed that thé=igure 1). The turnover time of the different
undifferentiated granule-free cells are theastric epithelial cell types is determined by
most proliferative cell type (30 min labeling continuous infusion of a low dose of tritiated
index = 32%) and the most primitive amonghymidine into mice, which are then sacri-
other isthmal cells, and are therefore considiced at different time intervals. From the
ered to be the stem cells of the gastric epitheumulative increase in the labeling indices
lium (26). of each cell type, the rate of cellular turnover
Proliferation, differentiation and migra- and the turnover time can be estimated (Fig-
tion pathways along the pit-gland unit asure 1).
revealed by tritiated thymidine radioautog- Little is known about the factors that
raphy. Tritiated thymidine has been utilizedcontrol cellular proliferation and differentia-
to label the proliferating cells of the pit-tion programs of the gastric epithelium. Since
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Figure 1 - Cell lineage relation-
ships in the pit-gland unit of the
corpus region of the mouse
stomach. In the isthmus region
of the gastric gland, the undif-
ferentiated granule-free cell is
the multipotent stem cell that
divides to replace itself and to
produce five lineage precursors.
1) Pre-pit cell precursors give
rise to pre-pit cells that migrate
upward to the pit while differen-
tiating into pit cells. 2) Pre-pari-
etal cell precursors give rise to
pre-parietal cells which com-
plete their differentiation into
parietal cells in the isthmus and
then undergo bipolar migration
to the pit as well as to the neck/
base regions. 3) Pre-neck cell
precursors give rise to pre-neck
cells that migrate downward
into the neck while differentiat-
ing into neck cells which then
transform into zymogenic cells
in the base via a pre-zymogenic
stage. 4) Pre-caveolated cells
transform into caveolated cells

To date there is no cell culture systeny the isthmus and then undergo
cated among the precursor cells of the istithat can reproduce cell lineages of the gasttipolar migration. 5) Pre-entero-

endocrine cells differentiate into
entero-endocrine cells in the

they seem to have arole in cellular proliferatate cellular proliferation and differentiation.isinmus and then undergo bipo-
tion and commitment that perpetually occuAn alternative approach is to design a gairker migration.

in the isthmus. Immunohistochemical &md of-function experiment by introducing a bio-

situ hybridization experiments have shownlogically interesting foreign gene into the

that both thea- and R-subunits of H,K- mouse genome and generating transgenic

ATPase are expressed in the pre-parietal amdice.
parietal cells (12,32). However, the synthetic
activity of parietal cells is higher in the isth-Genetically manipulated mice
mus and neck regions than in the base. In

addition, functional assays have revealed Transgenic mice overexpressing trans-

that parietal cells in the isthmus and neck arferming growth factora (TGFa). The epi-
more active in acid secretion than basal pardermal growth factor (EGF) family of pep-
etal cells. Thus, a possible role for parietdides includes TGir which seems to play an
cells other than acid secretion has been primportant role in the regulation of cellular
posed. Covalent blockade of H,K-ATPaseproliferation and differentiation programs in
the major protein of parietal cells, withvarious tissues. The activity of T@Fs me-
omeprazole enhances the physiological deliated by the EGF receptor, atyrosine kinase
generation of parietal cells. Furthermore, althat phosphorylates both itself and additional
teration in isthmal cell proliferation and com-substrates upon ligand-specific activation/
mitment programs occurs, as indicated bgimerization (33). Both TG and EGF re-
the increase in the census of both the proliteptors have been localized to the gastric
erating precursor cells and the non-proliferepithelial cells by using immunohistochem-
ating committed pre-parietal cells (12). istry and Northern blot analysis (34,35). It
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has been shown that T@Ftimulates gas- tron microscopic examination of the ampli-
tric mucosal growth (36) and also inhibitsfied population of pre-parietal cells in these
gastric acid secretion (37). Merlino and cotransgenic mice at embryonic day 18 and
workers (38) have used the mouse metallgpostnatal day 1 revealed signs of their early
thioneine | promoter to generate transgenicommitment and transformation of undiffer-
mice overexpressing human TGk sev- entiated (stem) cells into pre-parietal cells.
eral tissues. In these mice, T&GHRisrupts Thus, the first member of the parietal cell
the normal program of gastric epithelial cellineage was identified, i.e., the pre-parietal
differentiation. While pit cells and isthmal cell precursor (Figure 1), which is character-
precursor cells are greatly expanded, parized by loss of apical membrane glycocalyx
etal and zymogenic cells are depleted. Thesad gradual elongation of microvilli (8). The
results suggest that T@plays an important amplification of pre-parietal cells and their
role in the regulation of gastric epithelial cellprecursors in these transgenic mice provides
differentiation. an excellent system to study the molecular
A more powerful approach to the studyand biochemical features of the early com-
of gastric epithelial biology is to utilize cis- mitted precursors of the acid-secreting pari-
acting regulatory elements that control tranetal cell. With age these transgenic mice
scription of a gastric cell lineage-specificdevelop gastric adenocarcinoma (Karam SM,
gene in expressing any foreign gene in thdti Q and Gordon Jl, unpublished results).
cell lineage. Lorenz and Gordon (18) first Transgenic mice expressing the H,K-
found that nucleotides -1035 to +24 of theATPase R-subunif3s © *24diphtheria toxin
H,K-ATPase R-subunit gene include tranA subunit fusion gené is known that when
scriptional regulatory elements able to directliphtheria toxin fragment A is introduced
expression of any foreign gene in the parietahto cells it inhibits protein synthesis and
cell lineage. induces cell death. Further insights into the
Transgenic mice expressing the H,K+ole of parietal cells are obtained by using
ATPase R-subuntf3s t° +24simian virus 40 the transcriptional regulatory elements of
large T antigen fusion gen8imian virus 40 the H,K-ATPase [-subunit gene to direct
large T antigen (SV40 TAQ) is an oncoproteirexpression of diphtheria toxin gene in the
that binds p53 and induces cell proliferationparietal cell lineage (39). In these mice, dead
To test whether re-entry of the committedparietal cells are either extruded into the
non-proliferating pre-parietal cells into thegland lumen or phagocytosed by neighbor-
cell cycle would affect the cellular differen-ing cells. Loss of parietal cells is accompa-
tiation program in the gastric epithelium, Linied by 1) a 7-fold increase in the number of
etal. (19) used the regulatory elements of there-parietal cells, 2) a 5-fold increase in the
H,K-ATPase R-subunit gene to generataumber of undifferentiated granule-free
transgenic mice expressing SV40 TAg ir(stem) cells, and early precursors of pit and
their parietal cell lineage. In these mice, theymogenic cell lineages, 3) a block in the
proliferation-associated amplification of pre-differentiation program of the zymogenic
parietal cells and the blockade of their differcell lineage with accumulation of pre-neck
entiation into parietal cells starting fromcells and depletion of their zymogenic cell
embryonic day 18 was not unexpecteddescendants, and 4) an enhancement in the
whereas the accompanying loss of zymogendtifferentiation program of pit cell lineage
cells was surprising. The latter finding indi-with a 2-fold amplification of both pre-pit
cates that members of the parietal cell linand pit cells. Thus, mature parietal cells
eage regulate the differentiation of neck cell;fluence the commitment program among
to zymogenic cells (8,19). Furthermore, elecgastric epithelial precursors and modulate
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the migration-associated terminal differenimozygous for a null allele of the inhibon
tiation of both pit and zymogenic cell lin- subunit. These inhibin knockout mice de-
eages. With age, the diphtheria toxin trans¢elop gonadal tumor and overexpress
genic mice develop gastric adenocarcinomactivins. The stomachs of these mice have no
in which the predominant cells are the norparietal cells. Removal of the gonads prior to
mally proliferating isthmal cells, granule- development of tumors prevents the ablation
free cells and their pre-neck and pre-pit desf parietal cells. Detailed immunohistochemi-
scendants (Li Q, Karam SM and Gordon Jigal and electron microscopic analysis of
unpublished results). inhibin knockout mice has revealed that over-
Transgenic mice expressing the H,K-expression of activins produces a block in
ATPase [3-subunit promoter/herpes simplethe differentiation of pre-parietal to parietal
virus 1 thymidine kinase fusion gereir- cells, a block in the transformation of neck
ther progress in the field of genetic manipuinto zymogenic cells, and a marked increase
lation techniques to study gastric epitheliain pre-pit and pit cells as well as pre-
cell biology has been provided by the possieaveolated and caveolated cells (Li Q, Karam
bility of controlling the expression of a for- SM, Coerver KA, Matzuk MM and Gordon
eign gene in a specific cell lineage. Canfieldl, unpublished results). Thus, 1) activins
et al. (40) have used the thymidine kinaselay an important role in modulating the
ablation technique which is based on thélifferentiation program of the gastric epithe-
selective toxicity of the antiherpetic druglial cell lineages, 2) several lines of evidence
ganciclovir to cells expressing a herpes virustrongly suggest that members of the parietal
thymidine kinase suicide gene. The generell lineage are essential for maintaining the
ated transgenic animals provide a powerfutormal programs of gastric epithelial cell
system in which parietal cells are normallyproliferation and differentiation, and 3) it
produced, but upon treatment with theseems that altering parietal cells by using
antiherpetic drug ganciclovir, they are comH2-receptor antagonists or proton pump in-
pletely ablated. Discontinuation of the drughibitors during treatment of peptic ulcer dis-
was associated with reemergence of parietehse may elucidate the dynamics of the whole
cells and restoration of the glandular archiepithelium.
tecture. In support of the findings of Gordon  Tritiated thymidine radioautography is a
and coworkers (8,19,39), parietal cell ablapowerful tool that can be used to character-
tion in these mice is found to be associateize normal and abnormal programs of epi-
with a block in the terminal differentiation thelial cell proliferation, differentiation and
program of zymogenic cells (40). Thus, parimigration. Inferring the biological features
etal cells appear to be the source of trophiof an epithelium by either gain- or loss-of-
factors that are essential for maintaining th&unction experiments in genetically manipu-
differentiation of zymogenic cells. lated mice provides an opportunity to study
Inhibin knockout miceActivins A and B factors that maintain homeostasis and inter-
are members of the transforming growth facactions between different cells within the
tor 3 superfamily which is known to regulateepithelium. Results of both radioautographic
cellular proliferation and differentiation pro- and genetic manipulation experiments should
grams in several tissues (41). Matzuk anthen lead to progress in our understanding of
co-workers (42) have generated mice hahe gastric epithelial cell biology.
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