
Proc. Natl. Acad. Sci. USA
Vol. 81, pp. 461-465, January 1984
Cell Biology

Cytosolic calcium regulates epidermal growth factor endocytosis in
rat pancreas and cultured fibroblasts

(cholecystokinin/insulin/calcium ionophore/amylase release)

MURRAY KORC*, LYNN M. MATRISIANt, AND BRUCE E. MAGUNt
Departments of *Medicine and tAnatomy, Arizona Health Science Center, Tucson, AZ 85724

Communicated by C. S. Marvel, September 23, 1983

ABSTRACT Cholecystokinin octapeptide (CCK8), the
COOH-terminal moiety of cholecystokinin (CCK), exerted a
rapid inhibitory effect on total cell-associated 125I-labeled epi-
dermal growth factor ('251-EGF) binding by decreasing the
rate of EGF internalization in isolated rat pancreatic acini.
Removal of CCK8 from incubation medium followed by exten-
sive washing of acini did not abolish its inhibitory effect, indi-
cating that its action was not readily reversible. Proglumide, a
competitive antagonist of CCK8, blocked the inhibitory action
of the secretagogue. Addition of CCK8 to cells previously ex-
posed to 125I-EGF did not enhance the release of cell-associat-
ed 1251 activity. CCK8 did not inhibit the binding of 1251-la-
beled insulin to pancreatic acini. Other pancreatic secreta-
gogues that enhance digestive-enzyme release through Ca2 ,
including caerulein, bombesin, carbachol, gastrin, and the
Ca21 ionophore A23187, also inhibited cell-associated 1251_
EGF radioactivity. Further, at 37°C the ionophore A23187 in-
hibited specific 1251-EGF binding in human A-431 carcinoma
cells, Swiss 3T3 cells, and Rat-I fibroblasts, and this effect was
abolished when 125I-EGF internalization was reduced by incu-
bating cells at 4°C. It is concluded that alterations in cellular
Ca21 in the pancreas and other cells lead to inhibition of EGF
endocytosis.

Epidermal growth factor (EGF) is known to regulate a varie-
ty of cellular processes both in vivo and in vitro (1). It is
generally accepted that the first step in the action of EGF is
represented by its binding to specific receptors on the cell
surface. After binding, the EGF-receptor complexes rotate,
cluster together, and enter the cell by a process termed re-
ceptor-mediated endocytosis (2). The binding process per se
activates the signals that induce the rapid biological actions
of EGF, whereas receptor clustering appears to be required
for induction of DNA synthesis by EGF (3).
As in the case of a number of other polypeptide hormones,

high concentrations of EGF decrease the number of EGF re-
ceptors on the cell surface through a process called "down-
regulation." EGF binding and internalization are also modu-
lated by a variety of nonphysiological agents. Thus, binding
of EGF to its receptor is altered by phorbol esters (4), cycla-
mates (5), quinone derivatives (6), and teleocidine B (7),
whereas EGF internalization is inhibited by dansylcadaver-
ine, amantadine, and rimantidine (8). The physiological rele-
vance of these observations is not easily apparent, inasmuch
as these compounds are not normally found in vivo.

Recently, platelet-derived growth factor (9), fibroblast-de-
rived growth factor (10), the neurohypophyseal hormone
vasopressin (11), and cholecystokinin (CCK) (12) have also
been shown to inhibit EGF binding. These observations sug-
gest that compounds other than EGF may modulate EGF
binding activity in vivo. We now report that the inhibitory
effect ofCCK on EGF binding in isolated rat pancreatic acini

may be due to Ca2+-mediated inhibition of EGF internaliza-
tion. In support of this hypothesis, we demonstrate that the
Ca2+ ionophore A23187 inhibits the internalization of 1251I-la-
beled EGF (1251I-EGF) in A-431 human carcinoma cells and
other cultured fibroblasts. Inasmuch as a variety of hor-
mones and neurotransmitters are known to act through
Ca2 , it is possible that EGF internalization may be regulat-
ed through similar mechanisms in other cell types.

MATERIALS AND METHODS
Preparation of Acini and Cell Culture. Pancreatic acini

were prepared from fasted male Sprague-Dawley rats as re-
ported (13). Freshly isolated acini were incubated for 60 min
at 370C in Hepes-buffered Ringer solution that was titrated to
pH 7.40, equilibrated with 100% oxygen (13), and resus-
pended in fresh Hepes/Ringer buffer (0.5-0.8 mg of protein
per ml) for use in experiments. Derivation of Rat-1 fibro-
blasts (14), A-431 human vulvar carcinoma cells (12), and
Swiss mouse 3T3 cells (15) has been described. All cell lines
were propagated at 370C in a 5% C02/95% air atmosphere in
Dulbecco's modified Eagle's medium supplemented with
antibiotics and the following serum conditions: 10% new-
born calf serum (3T3), 10% calf and 2% newborn calf serum
(Rat-1), or 5% newborn calf and 2% fetal calf serum (A-431).

Binding Studies. EGF was prepared from mouse submaxil-
lary glands by the method of Savage and Cohen (16) and
further purified by reverse-phase high-performance liquid
chromatography (14). Biologically active 125I-EGF (14) and
125I-labeled insulin (1251-insulin) (17) were prepared with
chloramine T. To measure binding in acini, 2- to 18-ml sus-
pensions of cells were routinely incubated at 37°C with 1251_
EGF (23.4-53.0 ,uCi/,ug; 1 Ci = 37 GBq) or 125I-insulin (20.5
,uCi/,ug). To separate bound and free hormone, 0.5- to 0.7-ml
aliquots of cell suspensions were rapidly centrifuged and
washed three times with 154 mM NaCl at 4°C (18). Nonspe-
cific binding, determined by incubating acini in the presence
of either 125I-EGF or 125I-insulin and unlabeled ligand (8
,ug/ml and 50 ,ug/ml, respectively), did not exceed 25% of
total. To monitor 125I-EGF internalization, acini and cul-
tured fibroblasts were washed as for binding experiments
and incubated for 4 min at 4°C with 0.5 M NaCl (pH 2.5) (8).
Cell-associated radioactivity was then assayed separately
from radioactivity removed by acid treatment.

Degradation of 1251I-EGF and 125I-insulin was routinely
monitored by precipitation of labeled EGF in incubation me-
dium with trichloracetic acid at 10% final concentration.
Degradation products never exceeded 15% of total radioac-
tivity. Supernatant 125I-EGF was analyzed also by chroma-
tography on a 0.9 x 60 cm column of Sephadex G-50 (fine)
that was equilibrated with 4 M urea/1 M acetic acid/0.15 M
NaCl/0.2% bovine serum albumin (19). EGF binding studies
in cultured cells were performed at either 37°C or 4°C as de-
scribed (14). The Ca2+ ionophore A23187 (Calbiochem) was

Abbreviations: CCK, cholecystokinin; CCK8, cholecystokinin octa-
peptide; EGF, epidermal growth factor.
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Table 1. Effect of CCK8 on I251-EGF and 125_-insulin binding in
pancreatic acini

Specific binding, %

Addition 125I-EGF 1251I-Insulin
None 6.06 ± 0.80 6.07 ± 1.02
CCK8 (30 nM) 1.03 ± 0.10* 5.61 ± 0.91

Pancreatic acini were incubated for 60 min at 370C with either 1251_
EGF (0.12 nM) or 125I-insulin (1.8 nM) in the presence of specified
additions. Values represent percentages of radioactivity added and
are means ± SEM of three individual experiments.
*P < 0.005 when compared with control.

pensions (0.5 ml) were centrifuged at 15,000 x g for 30 s as
previously reported (13), and amylase released into the me-
dium was determined (12). CCK octapeptide (CCK8) was a
gift of Miguel Ondetti of Squibb, and proglumide was a gift of
Rotta Laboratories (Milan, Italy).
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FIG. 1. Internalization and release of '25I-EGF. Pancreatic acini
were incubated at 370C with 0.24 nM 125I-EGF. (Upper) Acini were
incubated for specified times in the absence (o) or presence (o) of 30
nM CCK8. Acini were then treated with 0.5 M NaCl as described.
Values are representative of two individual experiments. (Lower)
Acini were incubated for 60 min with 125I-EGF, collected, and
washed once. Acini were then resuspended in fresh medium without
added radioactivity, in the absence (e) or presence of either 0.83 AM
EGF (o) or 30 nM CCK8 (o). 125I-EGF remaining in acini is ex-

pressed as the percentage of initial hormone binding. Values are

means SEM of four experiments.

dissolved in ethanol; the final concentration of ethanol never
exceeded 0.5% and did not alter 1251-EGF binding. Statistical
analysis was performed by Student's t test. Data were con-
sidered statistically significant at P < 0.05.
Amylase Secretion Studies. To measure amylase secretion,

acini were incubated for 30 min at 37°C. Aliquots of cell sus-

RESULTS

Effect of CCK8 on 1251-EGF Internalization, Dissociation,
and Degradation. We have shown previously that the pancre-

atic acinar cell possesses specific, saturable, high-affinity
EGF receptors and that EGF rapidly internalizes into these
cells (18). We also have shown recently that CCK8 exerts a

marked inhibitory effect on EGF binding in this cell, which is
evident within 5 min of addition of the secretagogue to incu-
bation medium (12). Therefore, we sought to determine
whether this inhibition could be due to either decreased in-
flux or enhanced efflux of EGF. To quantitate internaliza-
tion, the endocytosis rate constant (Ie) was calculated from
the ratio of intracellular versus surface-bound radioactivity
(20). The ke for the uptake of 125I-EGF into nonstimulated
acini was 0.37 min-' (Fig. 1 Upper). CCK8 (30 nM) did not
significantly alter the amount of acid-dissociable (cell-sur-
face) radioactivity (data not shown), but markedly decreased
the amount of internalized 125I-EGF, lowering the ke to 0.066
min-' (mean of two experiments). In contrast, after incuba-
tion of acini for 60 min with 125I-EGF, neither CCK8 nor un-

labeled EGF significantly altered the release of cell-associat-
ed 125I radioactivity (Fig. 1 Lower). CCK8 did not appear to
enhance 125I-EGF degradation as determined by trichloro-
acetic acid precipitability and Sephadex chromatography of
supernatant radioactivity (data not shown).
Lack of Effect of CCK8 on 125I-Insulin Binding in Pancreatic

Acini. We next sought to determine whether CCK8 inhibited
the binding of insulin, another polypeptide hormone that is
known to rapidly internalize into pancreatic acini (21). Spe-
cific binding of 125I-insulin and EGF was quantitatively simi-
lar (Table 1). CCK8 (30 nM) decreased specific, cell-associ-
ated 125I-EGF binding by 83% (P < 0.005) but did not signifi-
cantly alter 125I-insulin binding.

Table 2. Residual action of CCK on 125I-EGF binding and amylase secretion in pancreatic acini

'25I-EGF binding, Amylase secretion,
Addition % of control % of control

370C 40C 370C 40C
None 100 ± 6 100 ± 10 100 ± 5 100 ± 3
EGF (0.83 gM) 8 ± 2* 14 ± 3* 101 ± 3 100 ± 1
CCK8 (30 nM) 40 ± 3* 51 ± 2* 869 ± 107* 854 ± 240t

Pancreatic acini were incubated for 10 min at either 370C or 40C as indicated, washed three times at
23°C or 4°C (respectively) with 20 ml of incubation medium, and resuspended in fresh medium. Acini
were then incubated for 30 min at 370C in the presence of specified additions. Data are expressed as the
percentage of respective control values in the absence of either unlabeled EGF or CCK8 and are means
+ SEM of three individual experiments.
*P < 0.005 when compared with control.
tP < 0.02 when compared with control.
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Table 3. Lack of effect of proglumide on '25I-EGF binding in
pancreatic acini

125I-EGF binding,
Addition % bound

None 4.68 ± 0.22
EGF (0.83 tM) 0.99 ± 0.11*
Proglumide (10 mM) 4.57 ± 0.14
Proglumide/EGF 1.54 ± 0.19*
CCK8 (1 nM) 2.18 ± 0.04*
CCK8/proglumide 4.55 ± 0.22

Pancreatic acini were incubated for 60 min at 370C in the presence
of specified additions. Values represent the percentages of radioac-
tivity added and are means ± SEM of three individual experiments.
*P < 0.005 when compared with control.

Residual Inhibition of '251-EGF Binding. To determine
whether the inhibitory effect of CCK8 on 25I-EGF binding
was reversible, acini were first incubated with 30 nM CCK8
for 10 min at either 370C or 40C, washed extensively to re-
move extracellular CCK8, and resuspended in fresh Hepes/
Ringer buffer. 125I-EGF was then added at the beginning of
the second incubation period that was always carried out at
370C. When acini were first incubated at 370C, CCK8 inhibit-
ed total 125I-EGF binding by 65% (P < 0.005, Table 2) and
stimulated amylase release by 869% (P < 0.001). Similar
effects were observed when acini were first incubated with
CCK8 at 40C and subsequently incubated at 370C with 1251_
EGF (Table 2). This lack of reversibility suggested that inhi-
bition of EGF binding was dependent on occupancy of the
CCK receptor, inasmuch as continued stimulation of amy-
lase secretion is also temperature independent with respect
to the first incubation period and correlates with the pres-
ence of tightly bound CCK (22). Further, proglumide (10
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mM), a competitive antagonist of CCK (23), completely
blocked the inhibitory effect of 1 nM CCK8 on EGF binding
(Table 3).

Effect of Other Pancreatic Secretagogues on 1251-EGF Bind-
ing in Pancreatic Acini. Because most of the biological ac-
tions of CCK8 are mediated through Ca2+ (24), we next
sought to determine whether other pancreatic secretagogues
that act through Ca2+ also inhibit total 251I-EGF binding in
pancreatic acini. Inhibition of binding was related to the abil-
ity of these secretagogues to stimulate amylase secretion
(Fig. 2). The decapeptide caerulein and CCK8 were equipo-
tent in inhibiting '25I-EGF binding and enhancing amylase
release. In comparison to CCK8, desulfated CCK8 and bom-
besin were 1/10th and 1/30th as potent, respectively, with
respect to stimulation of amylase release. Both secreta-
gogues were also less effective than CCK8 in inhibiting 125[_
EGF binding. In concert with previous studies (25), the cho-
linergic analogue carbachol and the gastrin analogue pentagas-
trin maximally enhanced amylase release at a concentration
of 10 ,uM. Although both secretagogues were equally effec-
tive in stimulating amylase release, pentagastrin was less
effective than carbachol in inhibiting 1 51-EGF binding. Inhi-
bition of 125I-EGF binding was also observed with the Ca2+
ionophore A23187 (Table 4), an agent that bypasses cell-sur-
face receptors and raises cytosolic Ca2+ (24). However, che-
lation of extracellular Ca2+ did not alter the inhibitory effect
of CCK8 on total cell-associated 125I-EGF radioactivity (Ta-
ble 4).

Effect of Calcium lonophore A23187 on '251-EGF Binding in
Cultured Fibroblasts. To determine whether alterations in
cytosolic Ca2+ inhibit 125I-EGF binding in other cell types,
we examined the effect of the calcium ionophore A23187 on
125I-EGF binding in A-431 human carcinoma cells, Swiss
3T3 mouse fibroblasts, and Rat-1 fibroblasts (Fig. 3). When

I- 4

Hormone (M)

FIG. 2. Relationship of inhibition of 125I-EGF binding to amylase secretion in pancreatic acini. (Upper) Acini were incubated at 37°C for 60
min with '25I-EGF (0.12 nM) in the presence of specified additions. Values are means ± SEM of three individual experiments, expressed as the
percentage of maximal inhibition of specific 125I-EGF binding in the absence of secretagogues. (Lovwer) Acini were incubated at 37°C for 30 min
in the presence of specified additions. Values are means ± SEM of three individual experiments, expressed as the percentage of maximal
amylase release by any of the secretagogues during a given experiment.

Cell Biology: Korc et aL

-,
"

I-

.1
.1

le
or

..1 .1.
'o

I - ..

I

I



Proc. NatL Acad Sci USA 81 (1984)

Table 4. Effect of calcium ionophore A23187 on 1251-EGF
binding in pancreatic acini

Concentration, 125I-EGF binding,
Addition AM % inhibition

None 0
A23187 0.5 29 ± 11

1 34 10*
5 37 ± 10*

10 33 ± 8*
50 65 + 8t

EGTA 100 1 ± 1
CCK8 0.03 63 ± 5t
CCK8/EGTA 66 ± 3t

Pancreatic acini were incubated for 60 min at 370C with 1251-EGF
(0.12 nM) in the presence of specified additions. Values are means ±
SEM of three individual experiments.
*P < 0.05 when compared with control.tp < 0.001 when compared with control.

incubations were carried out at 370C, A23187 inhibited cell-
associated 125I-EGF binding in a dose-dependent manner.
Although the ionophore was equipotent in A-431 and 3T3
cells, it was less effective in Rat-i fibroblasts. When incuba-
tions were carried out at 40C to prevent EGF internalization,
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FIG. 3. Effect of Ca2+ ionophore A23187 on 125I-EGF binding in
cultured cells. (Upper) Cells were plated in 35-mm dishes at a densi-
ty of either 106 cells per dish (Rat-1 and 3T3 cells) or 5 x 10' cells per
dish (A-431 cells). Cells were washed once just prior to binding stud-
ies and incubated at 370C for 60 min in binding medium (Dulbecco's
modified Eagle's medium with 0.1% bovine serum albumin) with
0.17 nM 125I-EGF and varying concentrations of ionophore. (Lower)
A-431 cells were incubated as in A in the absence (e) or presence (o)
of 10 tM ionophore A23187. Incubations were stopped at specified
times, and cells were treated with 0.5 M NaCl as described. Values
are means + SD of specific binding of triplicate plates and are repre-
sentative of three individual experiments.

Table 5. Temperature dependence of ionophore A23187
inhibition of 1251-EGF binding in cultured cells

125I-EGF binding, % inhibition

Cell type 370C 40C

3T3 64 ± 8* 9 ± 2
Rat-1 32 ± 3t 3 ± 3
A-431 64 ± 1* 15 ± 7

Cultured cells were incubated with 1251-EGF (0.17 nM) for 60 min
at 370C or for 120 min at 40C, in the presence or absence of iono-
phore A23187 (10 ,uM). Values represent the percentage inhibition of
specific '251-EGF binding with respect to binding in the absence of
ionophore and are means ± SEM of three individual experiments.
*P < 0.001 when compared with control.
tp < 0.02 when compared with control.

the inhibitory effect of A23187 was abolished in all three cell
lines (Table 5). Further, the ionophore exerted a marked in-
hibitory effect on the ke for the uptake of 125I-EGF into A-431
cells (Fig. 3 Lower). In three experiments with A-431 cells, the
ionophore reduced the ke by 66 + 5% (mean ± SEM). A
smaller inhibitory effect was obtained with Rat-1 fibroblasts
(data not shown). The ke was not examined in 3T3 cells be-
cause of low specific binding at early time points.

DISCUSSION
The present data suggest that the inhibitory effect ofCCK on
EGF binding in pancreatic acini is due to inhibition of EGF
internalization. It is not clear whether this inhibition is asso-
ciated with alterations in the number or affinity of the acinar
cell EGF receptors. However, it is unlikely that CCK inhib-
its EGF internalization by enhancing the rate of EGF release
from acini, or its degradation in incubation medium. It is also
unlikely that inhibition of EGF internalization is secondary
to stimulation of the secretory process per se, inasmuch as
vasoactive intestinal polypeptide enhances amylase release
but does not inhibit EGF binding in either rat or mouse pan-
creatic acini (12).
We have reported previously that CCK does not inhibit

EGF binding in cell lines that do not possess a CCK receptor
(12). This observation suggests that CCK does not inhibit
EGF internalization in acini by occupying the EGF receptor.
Instead, three lines of evidence indicate that inhibition of
EGF internalization is dependent on CCK receptor occupan-
cy. First, removal of CCK from incubation medium did not
abolish its inhibitory action, indicating that continued occu-
pancy of the CCK receptor by tightly bound CCK leads to
residual inhibition of EGF internalization (22). Second, prog-
lumide, a competitive antagonist of CCK (23), blocked the
inhibitory action of CCK. Third, caerulein, desulfated-
CCK8, and pentagastrin inhibited 125I-EGF binding in paral-
lel to their known potencies with respect to stimulation of
amylase release and inhibition of 1251-CCK binding in pan-
creatic acini (25).
Our present findings suggest that CCK inhibits EGF inter-

nalization by mobilizing intracellular Ca2+ stores. Thus, the
dose-response curve for CCK-mediated inhibition of 1251_
EGF binding paralleled its known effects on stimulation of
Ca2' efflux (24); chelation of extracellular Ca2+ with EGTA
did not block the inhibitory effect of CCK; carbachol and
bombesin, compounds that are known to regulate pancreatic
enzyme secretion through mobilization of intracellular Ca2+
but that bind to receptors that are distinct from the CCK
receptor (26), also inhibited EGF binding; and the Ca2+ iono-
phore A23187, an agent that increases cytosolic Ca>2 in the
pancreas by enhancing both Ca2 influx and Ca2+ release
from intracellular stores (24), mimicked the effects of CCK8
on EGF binding. In concert with our findings in pancreatic
acini, the Ca>2 ionophore A23187 inhibited EGF binding in
three distinct cultured cell lines (A-431- cells, Rat-i fibro-
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blasts, and 3T3 cells) at 370C but not at 40C, a temperature
that is known to inhibit EGF internalization (11). Further,
the ionophore directly inhibited the rate of endocytosis of
125I-EGF in two of these cell lines. These findings suggest
that alterations in cytosolic Ca2+ may inhibit EGF internal-
ization in a variety of cells.

It is not clear whether EGF internalization is inhibited di-
rectly by a rise in cytosolic Ca2+ or indirectly by the mobili-
zation of cellular Ca2+ per se. Further, the molecular mecha-
nisms whereby alterations in cytosolic Ca2+ might inhibit
EGF internalization are not easily apparent. It is possible
that increases in cytosolic Ca2+ alter microtubule function,
thereby interfering with the translocation of the EGF-recep-
tor complex within the cell. However, colchicine, an agent
known to disrupt microtubules, does not inhibit EGF binding
in either pancreatic acini (unpublished observations) or
Swiss 3T3 cells (27). Changes in cytosolic Ca2+ also may
interfere with the rotational translocation and clustering of
the EGF-receptor complex (2), or with other cellular pro-
cesses. For example, amantadine and other inhibitors of
EGF endocytosis have been shown recently to alter phos-
pholipid metabolism in a variety of cells (28), and CCK is
known to effect phospholipid metabolism in the pancreas
(29). This may explain why several secretagogues (desulfat-
ed CCK8, bombesin, and pentagastrin) were not as effective
as CCK8 in inhibiting 125I-EGF binding but enhanced amy-
lase release to the same extent as CCK8. Our findings also
indicate that the action of CCK on EGF endocytosis is not
necessarily valid for other polypeptide ligands, inasmuch as
CCK8 did not inhibit insulin binding in pancreatic acini.
Nonetheless, they point to a previously unrecognized mech-
anism whereby a variety of ligands that act through Ca21
may inhibit the internalization of EGF in target tissues, and
thereby conceivably modulate some of its actions.
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