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Abstract. The present investigation examines the changes in tyrosine kinase (Tyr-k)
activity and tyrosine-specific phosphorylation of membrane protein(s) in isolated gastric
mucosal cells from young (3 months) and aged (22 months) Fischer-344 rats after
exposure to gastrin. In mucosal cells from young rats, a 15-min time course study
revealed a steady rise of Tyr-k activity for the first 2 min in response to 10~° M gastrin
(G-17 1), whereafter the enzyme activity decreased sharply. In these cells, a significant
90% (P < 0.001) increase in the enzyme activity was observed only after 30 sec of
exposure to gastrin, with maximal stimulation (124%; P < 0.001) occurring after 2 min.
These increases were also associated with a 2- to 3-fold rise in tyrosine-specific
phosphorylation of 55-, 80-, and 100-kDa membrane proteins. In contrast, in mucosal
cells from aged rats, neither Tyr-k activity nor tyrosine phosphorylation of membrane
proteins was affected by gastrin with doses up to 10~® M. Our observation of an
immediate induction of Tyr-k activity and tyrosine phosphorylation of certain membrane
proteins by gastrin in gastric mucosal cells from young, but not from aged, rats suggests
that these events may play an important role regulating some of the physiologic actions

of gastrin at different stages of life.

[P.S.E.B.M. 1993, Vol 202]

evidence suggesting that many gastrointestinal

hormones, and most notably gastrin, regulate
mucosal growth in various tissues of the gastrointestinal
tract, including the stomach (1, 2). However, respon-
siveness of the gastric mucosa to gastrin varies at differ-
ent stages of life. In rats, the gastric mucosa becomes
sensitive to the growth-promoting action of gastrin
around the third postnatal week (3), when the parietal
cells also secrete acid in response to the hormone (4).
These changes have in part been attributed to the
appearance of gastrin receptors in the oxyntic gland
mucosa (4). In contrast, aging has been found to be
associated with a loss of both acid secretory and growth-
promoting actions of gastrin (5, 6). Although this could

Over the past decade, there has been considerable

!'To whom requests for reprints should be addressed at Education Service-14A,
VA Medical Center, Allen Park, MI 48101.

Received April 14, 1992, [P.S.E.B.M. 1993, Vol 202]
Accepted October 5, 1992.

0037-9727/93/2023-0365$3.00/0
Copyright © 1993 by the Society for Experimental Biology and Medicine

also be attributed partly to the parallel changes in
gastrin receptor populations (7), the postreceptor regu-
latory events remain to be elucidated.

Activation of membrane tyrosine kinases (Tyr-k),
which is thought to be one of the early events in the
signal transduction process, is known to occur in re-
sponse to a number of hormones/growth factors, in-
cluding insulin, platelet-derived growth factor, epider-
mal growth factor, and fibroblast growth factor (8, 9).
Utilizing an organ culture system, we have recently
investigated the role of Tyr-k in regulating the growth-
promoting action of gastrin in the colonic mucosa of
young mature rats (10). We have observed that gastrin
causes a prompt rise (within 10-15 min) in Tyr-k
activity and tyrosine phosphorylation of a 55- to 57-
kDa membrane protein (10). These increases were
found to be essential for the subsequent rise in ornithine
decarboxylase activity by gastrin that occurred 4 hr
later, since genistein, a specific inhibitor of Tyr-k (11),
abolished the gastrin-induced stimulation of ornithine
decarboxylase (10). In light of these observations, we
hypothesize that Tyr-k plays a role in regulating the
growth-promoting action of gastrin, and that the loss
of responsiveness to this action in later life may be due
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in part to the hormone’s inability to activate membrane
Tyr-k. To corroborate or refute this hypothesis, the
present investigation examined the effect of gastrin on
Tyr-k activity and tyrosine phosphorylation of mem-
brane proteins in isolated gastric mucosal cells from
young and aged rats.

Materials and Methods

Materials. [y->*P]JATP and ['*I]streptavidin were
purchased from New England Nuclear Corp. (Boston,
MA) and Amersham/Searle (Arlington Heights, IL),
respectively. Collagenase (Type IA) and hyaluronidase
were obtained from Sigma Chemical Co. (St. Louis,
MO). Bovine serum albumin, Fraction V, was a product
of Miles Laboratory (Elkhart, IN) and human synthetic
gastrin G-17 I was obtained from Peninsula Laborato-
ries (Belmont, CA). Monoclonal antiphosphotyrosine
antibody was a product of Boehringer-Mannheim (In-
dianapolis, IN). Male Fischer-344 rats were purchased
from the National Institute of Aging (Bethesda, MD) 2
months before the experiment, during which period
they were fed ad libitum Purina rat chow.

Isolation of Gastric Mucosal Cells. Gastric mu-
cosal cells were isolated with a slight modification (12)
of the procedure described by Magous and Bali (13).
Briefly, the oxyntic gland area of the stomach from
overnight fasted 3-month-old (young) and 22-month-
old (aged) male rats was removed and pinned to a
dental wax plate containing cold HEPES-Ringer (HR)
buffer (pH 7.4) (14). Mucosa was quickly stripped from
the muscle layer, minced finely, and incubated for 15
min at 37°C in HR buffer containing 0.6% collagenase
and 0.5% hyaluronidase. This was followed by a 10-
min incubation in a fresh HR buffer containing 2 mM
EDTA and then another 60 min in the same buffer
without EDTA. At the end of the incubation period,
the tissue fragments were mechanically dispersed by
suction through a wide pipet orifice and then strained
through a nylon mesh (180 um). Mucosal cells were
collected by centrifugation at 200g for 3 min and
washed four times in the same buffer. A small aliquot
was mixed with an equal volume of 0.4% trypan blue
in HR buffer, and exclusion of the dye by the cells, as
an assessment of cellular viability, was monitored. Prep-
arations containing over 90% viable cells were used.

Incubation Conditions and Processing of Sam-
ples. In all experiments, isolated gastric mucosal cells
were preincubated at 37°C for 15 min in HR buffer and
then 1-ml aliquots of cell suspension were incubated
again at 37°C in the absence and presence of gastrin
(G-17 1), as described in the Figure Legends. The cells
were recovered by centrifugation at 250g for 5 min,
homogenized in 0.75 ml of cold homogenizing buffer
(10 mM HEPES, pH 7.2, 150 mAM NaCl, | mM MgCl,,
1 mM Na3VO,, 10 ug/ml of leupeptin, and 1 mM
phenylmethylsulfonyl fluoride), and then centrifuged

at 30,000g for 30 min to obtain the crude membrane,
which was subsequently suspended in the homogeniz-
ing buffer containing 0.1% Triton X-100 and assayed
for Tyr-k activity and tyrosine phosphorylation of pro-
teins as stated below.

Tyr-k activity was determined using polymer L-
Glu-L-Tyr (4:1) as substrate, as described previously
(10). Briefly, the reaction mixture in a final volume of
50 ul contained 2.5 pmol of Tris-HCl, 2.5 umol of
MgCl,, 0.5 nmol of orthovanadate, 0.02% Triton X-
100, 3 umol of ATP, 0.4 uCi of [y->*P]ATP, and 50 ug
of Glu-Tyr polymer. The reaction at 24°C for 10 min
was initiated with mucosal membrane fraction (15-20
ug of protein), terminated by applying 20 ul of the
reaction mixture onto 2-cm? Whatman No. 3 MM filter
paper, and subsequently washed and processed for
measurement of radioactivity as described previously
(10). The results are expressed as pmol *’P incorpo-
rated/mg of protein. Protein content in all experiments
was determined by the method of Bradford (15).

Autophosphorylation and identification of tyrosyl-
phosphorylated proteins in the membrane fraction were
carried out as described previously (10, 16), except that
the reaction mixture contained 100 ug of membrane
protein.

The relative concentration of phosphotyrosine
membrane proteins was determined by Western blot
analysis, as reported earlier (16). Briefly, an equal vol-
ume of stopping buffer (62 mM Tris HCl, pH 6.8, 6%
sodium dodecyl sulfate, 20% glycerol, and 10% mer-
captoethanol) was added to aliquots of gastric mucosal
membrane preparations containing 25 ug of protein.
The samples were heated at 100°C for 3 to 4 min and
subsequently electrophoresed on a 7.5% polyacryl-
amide slab gel (0.75-mm thickness) containing 0.1%
sodium dodecyl sulfate, as described previously (16).
The electrophoresed proteins were then transferred to
nitrocellulose membrane using LKB Trans-Blot appa-
ratus according to the manufacturer’s instructions. The
membranes containing the proteins were incubated
with blocking buffer (phosphate-buffered saline con-
taining 3% bovine serum albumin, 0.25% gelatin, and
0.5% Tween 20) at 37°C for 3 hr under constant agita-
tion, and then washed extensively with phosphate-buft-
ered saline containing 0.1% Tween 20, followed by
incubation with antiphosphotyrosine antibody (1 ug/
ml) for 2 hr at 24°C. The membranes were washed
again and then subjected to 1-hr incubation at 37°C
with biotinylated anti-mouse IgG (1 ug/mil), and finally
with ['®I]streptavidin for 1 hr at 37°C. After extensive
washings, the membrane were exposed to X-Omat AR
film. The molecular weight of the labeled bands was
calculated from the marker proteins run concurrently.

Statistical Analysis. Where applicable, the results
were statistically evaluated with Student’s ¢ test for
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unpaired values, taking P < 0.05 as the level of signifi-
cance.

Results

In the first series of experiments, the time course
changes in Tyr-k activity and tyrosine-specific phos-
phorylation of membrane proteins were determined in
gastric mucosal cells isolated from 3-month-old rats.
The rationale for using 3-month-old animals in these
experiments was that this age group has consistently
been shown to respond to both trophic and acid secre-
tory actions of gastrin (1, 2). In addition, gastrin has
been found to stimulate protein synthesis in gastric
mucosal cells isolated from 3- to 4-month-old rats (12).
In the current 15-min time course study, gastrin at a
concentration of 10™° M produced an immediate in-
crease in Tyr-k activity (Fig. 1). A significant 90% rise
in Tyr-k activity was observed after 30 sec of exposure
to gastrin, which increased further with time, attaining
the maximal 124% increase over the basal level after 2
min, whereafter the enzyme activity decreased sharply
(Fig. 1). To determine whether these changes in Tyr-k
activity would also be accompanied by tyrosine-specific
phosphorylation of certain membrane protein(s), mem-
brane preparations were subjected to autophosphory-
lation reaction with [*’PJATP, and the labeled proteins
following immunoprecipitation with antiphosphotyro-
sine antibody were analyzed on sodium dodecyl sulfate-
polyacrylamide gel. Results are shown in Figure 2.
Whereas 1 min of gastrin exposure resulted in a 2- to
3-fold increase in tyrosine-specific phosphorylation of
a membrane protein with M, of 80,000, prolongation
of the exposure period for another minute produced
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Figure 1. Time course changes in tyrosine kinase activity in isolated
gastric mucosal cells from young rats in the absence (A) and presence
(O) of 107 M gastrin. Each value represents the mean + SE of four
to five observations. ’
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Figure 2. Effect of gastrin on tyrosine-specific phosphorylation of
membrane proteins in isolated gastric mucosal cells from young rats.
Gastric mucosal cells, isolated from overnight fasted 3-month-old
rats, were exposed to either 10~° M gastrin (G-17 ) or an equivalent
volume of buffer (con) for 1, 2, or 5 min. A mucosal membrane fraction
containing the same amount of protein (50 ug) was subjected to
autophosphorylation reaction, followed by immunoprecipitation with
antiphosphotyrosine antibody. The immunoprecipitates were electro-
phoresed on 7.5% polyacrylamide gel, which was subsequently proc-
essed for autoradiography.

about 2-fold stimulation of tyrosine phosphorylation of
two other membrane proteins with M, of 55,000 and
100,000, when compared with the corresponding con-
trols. These increases were greatly attenuated when the
cells were exposed to gastrin for 5 min.

In the next series of experiments, responsiveness of
Tyr-k in isolated gastric mucosal cells from young and
aged rats to gastrin was compared. Figure 3 shows the
changes in Tyr-k activity in isolated gastric mucosal
cells from young and aged rats after exposure to increas-
ing concentrations of gastrin (up to 107¢ M) for 2 min.
In mucosal cells from young rats, gastrin doses between
1072 and 1077 caused a steady rise in Tyr-k activity,
revealing a maximal 180% increase over the basal con-
trol with a dose of 10~7 M. Doses beyond 107 were
found to inhibit the stimulatory effect (Fig. 3). In con-
trast to what has been observed in young rats, none of
the doses of gastrin produced any significant change in
Tyr-k activity in isolated gastric mucosal cells from
aged rats (Fig. 3).

To further determine whether these changes would
be associated with tyrosine phosphorylation of certain
membrane protein(s), isolated gastric mucosal cells
from young and aged rats were exposed to 10~ M
gastrin for 2 min, and the membrane preparations were
subjected to autophosphorylation reaction and subse-
quent identification of tyrosyl-phosphorylated proteins.
Again, in mucosal cells from young rats, gastrin was
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Figure 3. Effect of increasing concentration of gastrin on tyrosine
kinase activity in isolated gastric mucosal cells from young (3 months)
and aged (22 months) rats. Isolated gastric mucosal cells were
incubated in the absence (basal) and presence of gastrin for 2 min,
and Tyr-k activity in the membrane fraction was then determined.
Each value represents the mean + SE of four observations.
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Figure 4. Effect of gastrin on tyrosine-specific phosphorylation of
membrane protein in isolated gastric mucosal cells from young (3
months) and aged (22 months) rats. Gastric mucosal cells, isolated
from young and aged rats, were incubated in the absence (con) and
presence of 10~° M gastrin (G-17) for 2 min. The membrane fraction
was then subjected to autophosphorylation reaction and identification
of tyrosine-phosphorylated proteins, as stated in Figure 2.

found to produce a marked stimulation in tyrosine
phosphorylation of 55-, 80-, and 100-kDa membrane
proteins (Fig. 4). In contrast, no apparent change in
tyrosine phosphorylation in any of these membrane
proteins was observed in response to gastrin in mucosal

cells from aged rats (Fig. 4). In another set of experi-
ments, the gastrin-mediated changes in tyrosine phos-
phorylation of gastric mucosal membrane proteins in
young and aged rats, membrane preparations were ana-
lyzed by Western immunoblot. The results revealed an
8-fold increase in the relative concentration of 55-kDa
phosphotyrosine membrane protein in mucosal cells
from young rats after 2 min of exposure to gastrin when
compared with the corresponding basal level (Fig. 5).
Again, in mucosal cells from aged rats, gastrin produced
no apparent change in the relative concentration of this
phosphotyrosine membrane protein when compared
with the corresponding basal level (Fig. 5). Interestingly,
however, the basal concentration of 55-kDa phospho-
tyrosine membrane protein (data from unstimulated
cells) in aged rats was found to be 10-fold higher than
that in young animals (Fig. 5; control lanes).

Discussion

Although gastrin has long been known to stimulate
acid secretion and growth of the gastric mucosa (17,
18), little is known about the regulatory mechanisms
for these processes. Phosphorylation-dephosphoryla-
tion reactions are thought to be important mechanisms
in regulating actions of many hormones. In the gastric
mucosa, histamine has been shown to stimulate phos-
phorylation of 27- and 40-kDa proteins by cAMP-
dependent protein kinase (19). In addition, 80-kDa
phosphoprotein in parietal cells has also been impli-
cated in regulating acid secretion (20). Phosphorylation
of these proteins are, however, catalyzed by serine/
threonine kinases.
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Figure 5. Western blot analysis of phosphotyrosine membrane pro-
teins from isolated gastric mucosal cells of young (3 months) and
aged (22 months) rats after incubation in the absence (con) and
presence of 10~° M gastrin (G-17) for 2 min.
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Numerous evidence now indicates that tyrosine
kinases, which catalyze tyrosine phosphorylation of
proteins, play an important role in regulating cell pro-
liferation (8, 21). Although little is known about specific
changes in the regulatory mechanisms for mucosal cell
proliferation in response to gastrointestinal hormones/
peptides, recent results from this laboratory suggest a
role for tyrosine kinases in these processes. At least,
with epidermal growth factor, we have observed that
stimulation of gastric mucosal proliferative activity in
young rats and inhibition of the same in aged rats by
this peptide were associated with parallel alterations in
Tyr-k activity and tyrosine phosphorylation of a mem-
brane protein with M, of 55,000 (22). Tyrosine kinases
also appear to be involved in regulating the trophic
action of gastrin, since the gastrin induction of orni-
thine decarboxylase activity in colonic explants in organ
culture could be totally abolished by the Tyr-k inhibi-
tor, genistein (10).

Our current observation of a prompt (within a
minute) rise in Tyr-k activity and tyrosine phosphor-
ylation of certain membrane proteins in isolated gastric
mucosal cells from young rats also suggests an involve-
ment of tyrosine kinases in regulating some of the
physiologic actions of gastrin. Doses of gastrin and the
time required to induce maximal stimulation of Tyr-k
in isolated mucosal cells were found to be far less than
those observed earlier with colonic mucosal explants
(10). This could be due partly to accessibility of the
receptor for immediate interaction with its ligand.

Although the current data do not provide any direct
evidence to implicate Tyr-k with the regulation of the
trophic action of gastrin, the fact that gastrin also
stimulated tyrosine phosphorylation of the 55-kDa
membrane protein in mucosal cells from young rats
suggests a role for Tyr-k in this process. This interpre-
tation is supported by the observation that stimulation
of gastric mucosal proliferative activity, whether it is
the result of aging, injury, or being induced by admin-
istration of epidermal growth factor or bombesin to
young mature rats, is associated with increased tyrosine
phosphorylation of the 55-kDa membrane protein (16,
22-24). Also, in the current investigation, the basal
concentration of 55-kDa phosphotyrosine protein in
mucosal cells from aged rats was found to be substan-
tially higher than in young animals (data from unstim-
ulated cells). This could be the consequence of increased
gastric mucosal proliferative activity in aged rats (16).
Further support for the involvement of Tyr-k in the
regulation of trophic action of gastrin comes from the
observation that in isolated gastric mucosal cells from
aged rats, gastrin produced no apparent change in either
Tyr-k activity or tyrosine phosphorylation of the 55-
kDa phosphotyrosine membrane protein. Suffice it to
mention that aging has been shown to be associated

with loss of responsiveness of the gastric mucosa to the
trophic action of gastrin (5). Taken together, the results
suggest that the age-related loss of responsiveness of the
gastric mucosa to the growth-promoting action of gas-
trin could be due in part to the hormone’s inability to
activate Tyr-k and tyrosine phosphorylation of certain
membrane protein(s), particularly the 55-kDa phospho-
tyrosine membrane protein.
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