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Abstract

Wereport methods allowing the culture of rapidly dividing gas-
tric epithelial cells to investigate the regulation of mucosal cell
replication. Cells from canine fundic mucosa were dispersed by
enzyme treatment, enriched by filtration and elutriation, and
cultured on collagen gel in DMEM/F12medium. After 48 h,
> 95%of the cells displayed immunoreactivity with antibody to
cytokeratin, an epithelial marker. The cells formed confluent
monolayers by 72 h with a transmembrane resistance of 1,600
ohm* cm2 when mounted in a Ussing chamber indicating reten-
tion of epithelial cell characteristics. Calf serum (0.1-2%) pro-
duced a dose-dependent mitogenic effect evident by increases in
13HI-thymidine incorporation into acid-precipitated material
and in cell number. After an 18-24-h incubation with 13H1-
thymidine, - 55% of the cells cultured in 2% serum showed
evidence of DNAsynthesis by autoradiography and all of the
replicating cells were cytokeratin positive. Using comparable
culture conditions, a similar proportion of cells incubated for
18-24 h with bromodeoxyuridine displayed nuclear anti-bro-
modeoxyuridine immunoreactivity, thus indicating that over
half of the cells in these cultures synthesized DNAduring this
period. As with serum, epidermal growth factor and transform-
ing growth factor alpha (TGFa) (10 pMto 1 nM), insulin (10
nM to 1 M&M) and insulinlike growth factor-I (IGF-I, 1-100
nM) increased pHJ-thymidine uptake. The greater potency of
IGF-I, compared to insulin, suggests the presence of IGF-I
receptors. Weconclude that this culture preparation is com-
posed of fundic mucosal epithelial cells and contains a predomi-
nance of dividing epithelial cells. EGF/TGFca and IGF-I are
potential factors directly regulating proliferation of fundic mu-
cosal cells. (J. Clin. Invest. 1991. 87:1716-1723.) Key words:
gastric mucosa * cell separation * cell growth * epidermal growth
factor * peptic ulcer

Introduction

The gastric mucosa is a rapidly proliferating tissue, being re-
newed by replicating cells present in a proliferative zone lo-
cated in the isthmus (neck) of the gastric gland. The migration
time of cells from the progenitor zone to the mucosal surface
(the time for total replacement of surface epithelial cells) is - 3
d in the rat and 4-6 d in human and dog (1). Monitoring [3H]-
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thymidine (THM)' labeling in vivo, mucous neck cells were
confirmed to rapidly replenish sloughed surface epithelium,
whereas many fewer cells migrated downward into the gastric
glands to replace parietal and chief cells. Chief cells may also
undergo division at a slow rate, thus appearing to constitute a
separate slow-cycling replicating cell pool (2, 3). Immature pari-
etal cells, located in the upper part of the gastric glands, also
appeared to incorporate thymidine (4), whereas mature pari-
etal cells showed no such evidence of division. Mucous neck
cells and immature parietal cells have been hypothesized to be
a single cell type in different stages of proliferation, migration,
and differentiation (4). Although the replenishment of the gas-
tric and duodenal mucosa is of obvious critical importance to
maintaining mucosal integrity in the normal state and in re-
sponse to injury, knowledge regarding regulation of epithelial
cell growth remains limited. In vivo models have been utilized
to investigate factors regulating mucosal growth. For example,
in the rat, EGFwas found to stimulate [3H]-THM incorpora-
tion into DNA(5-7) and to increase gastric mucosal weight,
thickness, and parietal cell mass (2). Although these findings
indicate that EGFhas trophic effects on stomach in vivo, the
cellular site and mechanism of action remain uncertain.

Several cell culture models have been reported for gastroin-
testinal mucosal cells. Harvesting cells by mechanical methods
has allowed culture of normal human epithelial cells from co-
lon, small intestine, and stomach (8). In these studies cells grew
in suspension in clusters, rather than as adherent cells in mono-
layers. Proliferation was observed in the center of the clusters,
and epithelial characteristics (e.g., junctional complexes, stain-
ing for cytokeratin) were reported. Conditioned medium in-
duced cell growth, but responses of these cells to specific growth
factors were not reported. Fetal rabbit gastric epithelial cells
consisting mainly of surface mucous cells (50-60%) have been
observed to proliferate in primary culture and form mono-
layers within a week (9). However, this model required the
addition of 10-20% calf serum for cell proliferation, and the
proliferating cell population was not well characterized. Non-
transformed epithelial cell lines have been established from rat
intestine (10) and human colon (1 1). Cultures of well-differen-
tiated transformed cells have been established from human
gastric carcinoma ( 12).

The goal of our present studies is to investigate the regula-
tion of growth in normal gastric mucosa. The available culture
models for gastric mucosa do not appear to permit detailed
study of the regulation of proliferation by specific growth fac-
tors. Furthermore, since alterations in control mechanisms
may occur with either transformed or nontransformed cell

1. Abbreviations used in this paper: BrdU, bromo-deoxyuridine; DAB,
3.3'-diaminobenzidine; EGF, epidermal growth factor; IGF-I, insulin-
like growth factor; I,, short circuit current; MRC, fundic mucosal repli-
cating cells; PDGF, platelet-derived growth factor; RO, serum-free,
growth factor-free medium; TGFa, transforming growth factor a;
THM, thymidine.
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lines in continuous culture, thus limiting extrapolation to nor-
mal mucosa, we have chosen to investigate growth regulation
in mucosa utilizing primary cultures of normal canine gastric
mucosa. Our present methods were adapted from studies with
endothelial cells from canine fundic mucosa (13) in which in-
tact capillary fragments were enriched by selective filtration
and elutriation. Whenwe placed these preparations in culture,
cells bearing the endothelial marker factor VIII-related antigen
(13) became undetectable between 24 and 48 h in culture. How-
ever, a rapidly proliferating cell type was present, which dis-
played epithelial, rather than fibroblastic or endothelial, char-
acteristics. Wenow report the methods used for this prepara-
tion and present data that receptors for EGF/TGFa and IGF-I
induce a mitogenic response in gastric mucosal epithelial cells.

Methods
Dispersion, cell separation, and culture
The canine fundic mucosa was dispersed with collagenase and EDTA
(14), filtered sequentially through coarse (62 threads/inch) and fine
(195 threads/inch) nylon mesh. Material retained on the second filter
was suspended in HBSScontaining 0. 1 mg/ml dithiothreitol and 0.01
mg/ml DNase. This cell suspension was elutriated primarily to elimi-
nate bacteria (15). Cells (2-3 X 108) were loaded into a model J 5.0
elutriator rotor (Beckman Instruments, Inc., Fullerton, CA) at a flow
rate of 87.5 ml/min and an rpm of 2,000. After a 500-ml wash at a flow
rate of 100 ml/min, a fraction was collected at a flow rate of 200 ml/
min and an rpm of 1,460, thus including cells with apparent cell diame-
ters ranging from 15 to 23 ,gm. This cell fraction was then suspended in
our basic culture medium (RO), composed of DMEM/Ham's F-12
(Gibco, Grand Island, NY) in a 1:1 mixture, supplemented with 20
mMHepes (Calbiochem Corp., La Jolla, CA), 50 ,g/ml gentamicin,
100 U/ml penicillin, and 100 ug/ml streptomycin (Irvine Scientific,
Santa Ana, CA). Ro refers to medium without added growth factors or
serum, which were only added as indicated. Calf serum (2%, Gibco)
was added to this Ro medium for the initial overnight culture in which
cells (1.5 X I05 cells in 0.5 ml) were plated onto polymerized type I rat
tail collagen in 24-well tissue culture plates (Flow Laboratories,
McLean, VA) for growth studies, or Lab Tek slides (Nunc Inc., Naper-
ville, IL) for autoradiography and histochemistry. After overnight cul-
ture, the standard protocol was to remove this medium, wash the cells
twice in fresh Ro without added GFor serum. Serum, EGF(Amgen
Corp., Thousand Oaks, CA), TGFa (Bachem, Inc., Torrance, CA),
insulin or IGF-I (Bachem, Inc.) were added for the subsequent culture
period, only as indicated. Petri dishes (35 mm, Corning Glass Works,
Corning, NY) were also used for some histochemistry studies.

Transepithelial electrophysiology
Elutriated epithelial cells (4.0 X 106 cells in 2 ml per 35 mmpetri dish)
were plated on collagen-coated filters (type SS, Millipore Corp., Bed-
ford, MA) and cultured in Ro with 2% calf serum. These cultures
formed confluent monolayers after 72 h. These filters were mounted in
Ussing chambers and electrophysiological properties of the monolayers
studied, as previously described ( 15, 16).

Immunohistochemistry
Immunohistochemical staining was performed with cells cultured for
24-48 h after Bouin's fixation using the avidin-biotin-peroxidase com-
plex (ABC) method (17). Immunohistochemistry was performed using
monoclonal antibodies to the epithelial cell marker human cytokeratin
(AE1/AE3, 1:50, Boehringer Mannheim Biochemicals, Indianapolis,
IN) (18), H+/K+-ATPase (19), and pepsinogen 1 (20, 21). The latter two
antibodies were kindly provided respectively by Dr. A. Smolka
(Charleston, SC) and Dr. I. M. Samloff(Sepulveda, CA), respectively.
Rabbit polyclonal antibodies to factor VIII-related antigen was ob-
tained from Dr. R. Benson (Albany, NY). Second antibodies are bio-
tinylated and visualized with a peroxidase complex and DAB (3,3'-

diaminobenzidine, Sigma Chemical Co., St. Louis, MO)dye. 200 cells
in each of five fields were counted on coded slides by two observers
unaware of the code.

Measures of cell replication
Cell number. Cells were detached from the culture wells by treating
with trypsin-EDTA (Gibco) for 20 min. Cells were then counted in
triplicate in a particle data counter.

Autoradiography of [3H]-THM incorporation. Cells after overnight
culture on collagen-coated Lab Tek slides were incubated with [3H]-
THM(2 MCi/ml, New England Nuclear, Boston, MA) for 18-24 h.
Cells were washed and fixed with Bouin's solution. Slides were dipped
with emulsion (type NTB2, Eastman Kodak Co., Rochester, NY) and
exposed for 2-3 wk at 4VC. Slides were then developed in Kodak D- 19
and counterstained with hematoxylin.

BrdU incorporation. DNAsynthesis was measured by determining
the nuclear uptake of the thymidine analogue BrdU (Sigma Chemical
Co.). After overnight culture, cells were treated with 10 1sM BrdU for an
additional 18 h, washed, and fixed with ethanol. Immunofluorescence
was performed using a monoclonal antibody to BrdU (Becton Dickin-
son & Co., Salt Lake City, UT), with a FITC-conjugated second anti-
body.

Cell mass. Cell mass was determined by measuring f3-hexosamini-
dase, a lysosomal enzyme. Cells were incubated with exogenous sub-
strate (P-nitrophenyl-N-acetyl-B-D-glucosaminide) (Sigma Chemical
Co.) at 370C for 30 min. The reaction was stopped by adding glycine/
EDTA(pH 10). The resulting product in the media was spectrophoto-
metrically determined (OD at 405 nm) (22).

[3H]-THM incorporation. Epithelial cells were plated onto 24-well
plates in Rowith 2.0% calf serum for overnight culture. Cells were then
washed and incubated for an additional 24 h in fresh Romedium in the
presence of [3H]-THM (0.5 ,Ci/ml), with EGF, TGFa, insulin, IGF-I,
or serum added as indicated. Cells were washed in PBS, 10% TCA
(40C) was added and replaced for two 10-min periods. The material
precipitated in TCA was solubilized in NaOHand radioactivity
counted in a model 7500 liquid scintillation counter (Beckman Instru-
ments, Inc.). For some studies, as indicated in the legends, we have
inserted an 8-12-h additional incubation period in R0 before growth
factor and [3H]-THM was added.

Combined autoradiography and immunohistochemistry
Cells cultured in Lab Tek slide chambers were incubated in [3H]-THM,
as noted above for the autoradiography studies. After fixation in
Bouin's, immunohistochemistry using the ABCmethod was per-
formed to demonstrate cytokeratin. Autoradiography for [3H]-THM
was then completed, as noted above.

Results
Cell separation, culture, and identification
Methods for preparing fundic replicating cells were developed
from those used for mucosal endothelial cells (13) in which the
crude enzyme-dispersed cell preparation was filtered. For cul-
ture studies the mixed population of single cells and gastric
glands, and capillary fragments retained on nylon mesh was
elutriated. After elutriation, this preparation was characterized
by examining slides prepared by cytocentrifugation, stained
with periodic acid Schiff (PAS) reagent (23) or stained by im-
munohistochemistry. At the time of plating, of the cells exam-
ined, 19±6% ofthe cells reacted with antibodies to H+/K+-ATP-
ase, and 40±8% contained pepsinogen I-like immunoreactiv-
ity. On PAS staining, 23±6% contained positive granules
typical of mucous cells. Capillary fragments were also found in
these cytospins, and 22±7% of the cells reacted with antibodies
to factor VIII-related antigen (mean±SE, n = 3) (Table I).
These preparations were cultured in 2%calf serum in Lab Tek
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Table I. Cellular Composition of Cultured Fundic
Mucosal Epithelial Cells

H+/K+- Factor VIII-
Pepsinogen ATPase PAS related Ag

Time of culture (n = 4) (n = 4) (n = 3) (n = 3)

h % % % %

0 40±8 19±6 23±6 22±7
24 45±9 20±6 15±7
48 39±11 20±7 - < I

At the time of plating (T = 0), cytospins were used for immunohisto-
chemistry. At T = 24 or 48 h, cultured cells on Lab Tek slides were
used for immunohistochemistry. Results, the mean±SE, are expressed
as the percentage of the total cell population. The ABCmethod was
used for all antibodies, except that immunofluorescent was used for
factor VIII-related antigen (Ag).

slide chambers, and then the cellular composition was exam-
ined by immunohistochemistry after 24 and 48 h (Table I). At
these two time points, 45+9% and 39±1 1% of cells displayed
immunoreactivity with pepsinogen I, and 20±6% and 20±7%
were reactive with the H+/K+-ATPase antibody. The PASstain
did not release typical positive granules in the cultured cells, so
this marker was not quantitated. These methods did not prove
useful for culturing endothelial cells, which was our initial goal;
the proportion of cells reactive with antibody to VIII-related
antigen decreased to 15±7% at 24 h and < 1%at 48 h (Table I).
However, these cultures prepared by these methods did contain
a rapidly replicating cell population, which we have found to be
of epithelial origin.

Epithelial nature of the cells
Several findings established the epithelial nature of the rapidly
dividing cells in these cultures. Phase contrast microscopy of
cultures after 24, 48, and 72 h (Fig. 1) indicated that the cells
adherent to the culture substrate had the characteristic cuboi-
dal morphology of epithelial cells. Furthermore, confluent
monolayers formed by - 72 h (Fig. 1). The polarized, epithe-
lial nature of monolayers was demonstrated using electrophysi-
ological methods (15, 16) (Fig. 2). Monolayers formed on
filters and mounted in Ussing chambers had a "transepithelial"
resistance of 1,600±450 ohm * cm2 (mean±SE, n = 6); this high
resistance could only occur with the formation of tight junc-
tions between the cells of the monolayer. Whenthe membrane
was treated on the basolateral surface with 8-bromo-cAMP (0.1
mM), the short circuit current increased from 1.2 to 5.4 gA,
indicating the vectorial transport that is characteristic of polar-
ized epithelia.

The presence of cytokeratin fibers provides a specific
marker for epithelial cells; immunohistochemistry was used to
detect cytokeratin (18). After 48 h in culture, 95±5%
(mean±SE, n = 4) of the cells examined stained positively us-
ing a cytokeratin antibody (Fig. 3, as shown in cytoplasmic
pigment). Furthermore, by combining autoradiography to de-
tect the cells that had incorporated [3H]-THM into DNAwith
immunohistochemistry for cytokeratin, we found that essen-
tially all of the cells that had synthesized DNAin culture (iden-
tified by grains over their nuclei) were cytokeratin-positive
(Fig. 3). Weconclude that the formation of monolayers with
high resistance and polarized transport and the presence of
specific markers establishes the epithelial nature of the replicat-

ing cells in these cultures. Wethus refer to the replicating epithe-
lial cells in these preparations as fundic mucosal replicating
cells (MRC).

Assessment of cell replication in culture
Cell number. Replication of cells in these cultures was studied
by counting the number of cells adherent to the plates using
phase contrast microscopy (Fig. 1) and by removing cells from
the plates using EDTA/trypsin treatment and counting with a
Particle Data Counter (Fig. 4 A). With both of these tech-
niques, the number of cells cultured in the presence of 2%calf
serum increased over 72 h in culture, indicating the occurrence
of cell replication in these cultures.

[3H]-THM and bromodeoxyuridine incorporation into
DNA. DNAsynthesis was demonstrated by incubating cells
with 2 ,uCi/ml [3H]-THM, followed by autoradiography to
identify and quantify the replicating cells present in these cul-
tures. With an 18-24-h exposure to [3H]-THM, we found that
55+±9% (mean±SE; n = 5) ofthe cells present displayed radioac-
tivity localized over nuclei (Fig. 3). DNAsynthesis was also
demonstrated by incubating cells with bromodeoxyuridine
(BrdU), an analogue of thymidine which is incorporated into
newly synthesized DNA(24). BrdU-labeled cells were detected
using immunofluorescence with a monoclonal antibody to
BrdU. Following exposure of cells after overnight culture to 10
,uM BrdU for 3 h, 5-10% of the cells were labeled. When the
exposure time was increased to 18 h, 47+8% (mean±SE, n = 4)
of the cells has entered S phase, as evident by BrdU-labeled
nuclei. This value was similar to that found in the studies using
autoradiography.

Quantification of cell replication. Quantitative studies of
cell replication used cell number, the activity of hexosamini-
dase, a lysosomal enzyme marker of cell mass, and the incorpo-
ration of [3H]-THM into DNA, detected as TCA-precipitated
radioactivity.

Stimulation of proliferation
Mitogenic response to serum. Central to this study is the re-
sponse of epithelial replicating cells to mitogenic stimuli. Calf
serum induced a dose-dependent increase in cell number, cell
mass, and [3H]-THM incorporation (Fig. 4, A and B). These
patterns of response were similar; we found (3H]-THM incorpo-
ration to be useful as our routine measure of cell proliferation.
The maximal response to serum, generally a twofold increase
over basal, was observed at serum concentrations between 0.5
and 2.5%. A significant mitogenic effect was found at a serum

concentration of 0.1%, indicating a sensitive growth response
of these cells to serum. Dog serum, collected from a single
animal and heat-inactivated (30 min, 56°C), also produced
similar stimulation on growth (data not illustrated). Even in
serum-free conditions (. in Fig. 4 B), cells remained viable and
incorporated [3H]-THM at a slow but definite rate.

Mitogenic response to EGFand TGFa. Human EGF at
doses between 1 pM and 1 nM produced a dose-dependent
increase in [3H]-THM incorporation into acid-precipitated ma-
terial (Fig. 5 A); these studies were done with the cells incubated
in the serum-free Ro medium. EGFproduced a similar dose
response curve against a background of 0.2% calf serum; the
response was additive with serum and of a similar magnitude to
that found in serum-free conditions (data not illustrated).
Transforming growth factor alpha (TGFca), a structurally re-
lated peptide that acts in part or totally through receptors
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Figure 1. Photomicrograph of fundic replicating cells (MRC) cultures.
MRCcells were plated and cultured in RO+ 2%calf serum for 24
(A), 48 (B), and 72 h (C) and examined by phase contrast microscopy.
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Figure 2. Polarized "transepithelial" function of MRCmonolayers.
MRCwere cultured in RO+ 2%calf serum on collagen-coated Milli-
pore filters until a confluent monolayer had formed (72 h). Mono-
layers were mounted in Ussing chambers and electrophysiological
properties studied. The solid line depicts the I,,< (short circuit current
in microamperes). Conductance is depicted by the length of the de-
flection during a 5-AA pulse. From these data resistance was calcu-
lated to be 1,500 ohm * cm2. This tracing illustrates an increase in I,,
after basolateral treatment with 0.1 mM8-bromo cyclic AMP. These
data are from a single monolayer and are representative of five other
preparations.

shared with EGF, stimulated [3H]-THM incorporation by
these epithelial cells over a concentration range similar to EGF
(Fig. 5 B). The magnitude of response to these two peptides was
also similar.

Mitogenic response to insulin and IGF-I. Insulin and IGF-I
also increased [3H]-THM incorporation into DNAby these
epithelial cultures under serum-free conditions (Fig. 6). The
dose response for insulin was found at concentrations between
10 nMand 1 gM, whereas IGF-I produced mitogenic effects at
concentrations between 0. 1 and 100 nM. The response to IGF-
I was also tested against a background of 0.2% serum (data not
illustrated), with the magnitude of the response and concentra-
tion range similar to those observed under the serum-free con-
ditions illustrated in Fig. 6.

Discussion

Establishing culture methods for replicating normal epithelial
cells has proved challenging, in part because "epithelial" cell
cultures are often overgrown by fibroblasts, precluding inter-
pretation of data regarding epithelial cell replication. Several
lines of evidence indicate that cultures prepared by our present
methods after 24 h consist largely, if not exclusively, of epithe-
lial cells. The great majority of cells display immunoreactivity
with antibody to cytokeratin, which is a specific marker of epi-
thelial cells (18). Monolayers form by 72 h and display the

Figure 3. Cytokeratin in cultured gastric epithelial replicating cells. After overnight culture of MRCas outlined in the legend to Fig. 1, cells were
washed and incubated with R0 + 2% CS with 2 ACi/ml [3H]-THM for an additional 24 h. Cultures were then washed with PBSand fixed in
Bouin's. ABCstaining with antibodies AEI /AE3 to cytokeratin was performed and followed by autoradiography. Slides were exposed for 3 wk
before developing. Nuclei were counterstained by hematoxylin. Nuclei of cells that had synthesized DNAare peppered with grains (arrow),
whereas nuclei of nonreplicating cells demonstrate only background radioactivity (arrowhead).
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cultured overnight, washed once, incubated in Ro for 8 h and then placed in fresh Ro in the absence and presence of the indicated concentrations
of calf serum and 0.5 MCi/ml [3H]-THM for 24 h. Cultures were washed with PBS and precipitated with 10% TCA. Acid precipitated counts
were then solubilized in NaOHand counted. Data represent the mean±SE from four preparations and are expressed as radioactivity per well.
Statistical significance was assessed using a paired t test.

electrophysiologic properties of a "tight" epithelium, with the
mean resistance across these monolayers 1,600 ohm - cm2. Po-
larized transport is established by finding a short circuit current
response to stimulation by a cyclic AMPanalogue; this In is
probably accounted for by absorption of Na' or secretion of
Cl- (15). Finding these characteristic features of a "tight epithe-
lium" precludes the inclusion of nonepithelial cells in these
monolayer cultures. Furthermore, using either autoradiogra-
phy with cells incubated with [3H]-THM or immunohisto-
chemistry after incubation with the thymidine analogue BrdU,
over half of the cells cultured in 2% serum synthesized DNA
during an 18-24 h period. Coupling autoradiography for [3H]-
THMwith immunohistochemistry for cytokeratin we found
that the cells replicating in these cultures contained this epithe-
Hal marker. Wetherefore conclude that these cultures are com-
posed of epithelial cells bound by tight junctions and that repli-
cating epithelial cells are a predominant cellular component of
these cultures.

Four indices were used to quantify cell replication, each
indicating a steady increase in the number of cells over a 72-h
period. (a) Phase contrast photomicrographs indicated cell rep-
lication, evident by an increase in the number of adherent cells.
The number of adherent cells could increase without cell repli-
cation if delayed adherence of cells floating in the culture me-
dium occurs; therefore, floating cells were removed after the
initial overnight culture and before the start of these quantita-
tive studies. (b) Counts of cells released from cultures by tryp-
sin and calcium chelation confirmed an increase in cell num-
ber over time. (c) A hexosaminidase assay, which reflects cell
mass, also indicated cell growth. However, use of this measure
is limited by the dissociation that occurs between cell mass and
cell number when confluence is approached. (d) These cultures
incorporated [3H]-THM into acid-precipitated material, which
proved to be the most useful index of mitogenic response. Us-
ing these four measures, serum was found to induce prolifera-
tion of the fundic epithelial cells in these cultures. Although
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Figure 5. Growth response of cultured MRCto human EGFand
TGFa. Cells were initially cultured as described in Fig. 4 B, and then
placed in Ro with the indicated concentrations of EGF(A) and TGFa
(B). Cell growth was determined using [3H]-THM incorporation.
Data represent the mean±SE from four preparations and are ex-
pressed as the percentage of basal [3H1-THM uptake. Statistical sig-
nificance was assessed using a paired t test. *P < 0.05 vs. basal.
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Figure 6. Growth response of cultured MRCto IGF-I and insulin.
Cells were initially cultured as described in Fig. 4 B, after 8-12 h
culturing in R0, cells were then placed in ROwith the indicated con-
centrations of IGF-I (A) and insulin (B). Cell growth was determined
using [3H]-THM uptake with treatment for 24 h. Data represent the
mean±SE from four preparations and are expressed as percentage of
basal [3H]-THM uptake. Statistical significance was assessed using
a paired t test. *P < 0.05 vs. basal.
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> 50% of cultured epithelial cells were found to synthesize
DNAduring 48-72 h, our culture preparation was not homoge-
neous. This replicating cell population needs to be further char-
acterized to determine whether these cells display markers of
mucosal cell differentiation (e.g., pepsinogen I, H+/K+-ATP-
ase, or mucin) at the time of division or subsequently express
these markers in culture. Such studies are complex and require
autoradiography coupled with immunohistochemistry.

Because our goal was to investigate the mechanisms regu-
lating cell growth in the normal gastric mucosa, we sought to
develop a primary culture system in which proliferative re-
sponses could be characterized within 72 h of removal from the
intact tissue. Although some alteration in cell responses may
occur upon dispersion or within hours of culture, our observa-
tions with this primary culture system will not be influenced by
the alterations in cell characteristics that occur in transformed
or nontransformed cell lines in prolonged culture. The dou-
bling time of our fundic mucosal replicating cells in culture
with serum is - 48-72 h, depending on culture conditions,
and this compares favorably with estimates of 4-6 d in intact
dog tissue (1). Thus, these fundic mucosal epithelial cells ap-
pear to replicate in culture at a rate roughly comparable to that
found in vivo, suggesting that this system may serve as a good
model for studying growth regulation of normal gastric mu-
cosa.

Although the addition of serum is required for survival of
many culture systems, its presence may perturb epithelial cell
function and differentiation (25). Furthermore, we found that
serum in concentrations as low as 0. 1%induces proliferation of
canine fundic epithelial cells, and its presence may thus con-
found interpretation of mitogenic responses to specific growth
factors. However, fundic epithelial cells cultured by the present
methods tolerate serum-free conditions and respond to at least
two growth factors under these conditions. The initial adher-
ence of cells was facilitated by adding 2%serum for the first 12
h of culture. However, after this initial period, serum could be
removed without obvious deleterious effects on mitogenic re-
sponses. For some of present studies, we have inserted an 8-12-
h wash step in serum-free and growth factor-free medium after
the initial culture period to allow effects of residual serum to
dissipate.

Cell growth is a highly regulated process; polypeptide
growth factors acting on surface receptors are major modulat-
ing elements for growth control in proliferating epithelial and
mesenchymal cells (26). EGFwas the first growth factor acting
in this fashion to be identified. EGF is synthesized in highest
quantities by salivary glands, and it is also found in Bruenners
glands from duodenum. EGFis therefore present in saliva and
gastric juice, as well as serum. Luminal EGFhas been reported
to exert a mitogenic effect on gastric mucosa, but the physio-
logic importance of both luminal and circulating EGFremains
uncertain. The study of EGF is further complicated by the
existence of TGFa. TGFa also exerts a mitogenic effect in a
variety of epithelial and mesenchymal tissues and in tumor
cells. In contrast to EGF, which appears to be synthesized only
in a few specific sites, TGFa is produced by many normal
tissues, as well as by tumor cells (27, 28). TGFa message has
been expressed in many tissues and cells, including the gastroin-
testinal tract (29), keratinocytes (28), and isolated rat intestinal
cells (30). In canine gastric mucosa TGFamessage appeared to
be present in exocrine cells (31); however, a specific cellular

localization was not established. Although the function of
TGFaproduced in normal tissues has not been established, our
data are consistent with the hypothesis that this peptide exerts
autocrine and/or paracrine growth control on fundic epithelial
cells.

IGF-I, a peptide previously known as somatomedin C, me-
diates peripheral actions of growth hormone and is a potent
mitogen in normal and neoplastic cells (32, 33). Many tissues
and cell types produce IGF-I, including the adult gastrointesti-
nal tract. In the intact rat, growth hormone induces growth of
the fundic mucosa (2), although a specific role of IGF-I in regu-
lating mucosal growth has not been elucidated. In our present
study, we found that IGF-I and insulin stimulated [3H]-THM
incorporation by fundic epithelial cells. The greater potency of
IGF-I compared to insulin suggests mediation by IGF-I recep-
tors. Our data support the conclusion that IGF-I is a direct
modulator of fundic epithelial cell growth, and are consistent
with the hypothesis that IGF-I is an paracrine or autocrine
mediator of gastrointestinal mucosal cell growth (32).

The ability of serum to promote cell growth in vitro proba-
bly reflects the presence of one or more specific factors, candi-
dates include transferrin (34, 35), fibroblast growth factor (36),
IGF-I and factors derived from platelets (37, 38). Wefound
that the maximal responses to IGF-I and to EGFwere additive
with serum, possibly indicating that the effects of serum are not
accounted for solely by either of these growth factors. Our pres-
ent data only indicate that factors in serum potently induce
mitogenesis in fundic mucosa; the identity and potential physi-
ologic importance of the putative growth factors in serum re-
main to be established.

The present studies use a reductionist approach to study the
regulation of growth in the fundic mucosa. This regulation is
likely to be a complex process; in vivo hormonal mediators
(gastrin) (2, 39) and neural pathways (40-42) stimulate fundic
mucosal growth. Our present data support the hypothesis that
TGFaand IGF-I, presumably acting by autocrine and/or para-
crine mechanisms, also modulate growth in fundic mucosa.
Other paracrine modulators could also be delivered from endo-
thelial cells, fibroblasts, or macrophages. The presence of these
numerous potential pathways and interactions complicates
study of growth regulation in vivo, because these endogenous
regulating factors may mask or interact with exogenous agents.
Although such a reductionist system has the potential of defin-
ing the components of this complex regulation, there are sev-
eral limitations. Although > 50% of the cells in these cultures
are capable of dividing within a 24-h period, the cultures con-
tain a heterogeneous cell population. The demonstration of a
mitogenic response does not guarantee that the action is di-
rectly on the replicating cell. For example, our present data do
not exclude the possibility that TGFa or IGF-I exert their
growth stimulation via effects on neighboring cells mediated by
release of a paracrine growth modulator. Further studies will be
needed to localize EGF, TGFa, and IGF-I receptors to the
replicating cells. Secondly, replicating epithelial cells may not
represent a single population, but may include true stem cells
(undifferentiated and uncommitted), as well as precursors
which may be committed to and possibly express differentia-
tion markers of a specific mucosal cell type. Lastly, although in
vitro systems offer the potential of identifying specific cellular
mechanisms exerting growth control, findings need to be re-
lated back to an intact, integrated system to determine which of

1722 M. C. Chen, A. T. Lee, and A. H. Soil



the candidate mechanisms are operative controlling growth
under normal physiologic conditions or accelerating growth in
response to acute injury or in response to chronic peptic ulcer-
ation.
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