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Abstract. We have studied the onset of secretory re-
sponsiveness to cholecystokinin (CCK) during develop-
ment of the rat exocrine pancreas. Although acinar
cells of the fetal pancreas (1 d before birth) are filled
with zymogen granules containing the secretory pro-
tein, a-amylase, the rate of amylase secretion from
pancreatic lobules incubated in vitro was not increased
in response to CCK. In contrast, the rate of CCK-
stimulated amylase discharge from the neonatal pan-
creas (1 d after birth) was increased four- to eightfold
above that of the fetal gland. The postnatal amplifica-
tion of secretory responsiveness was not associated
with an increase in the number or cell surface expres-
sion of »[-CCK binding sites. When I-CCK-33
binding proteins were analyzed by affinity cross-
linking, two proteins of M. 210,000 and 100,000-
160,000 were labeled specifically in both fetal and
neonatal pancreas. To determine if cell surface
receptors for CCK in the fetal pancreas are functional
and able to generate a rise in the cytosolic [Ca*™], we
measured “Ca** efflux from tracer-loaded lobules.

“Ca** efflux from both fetal and neonatal pancreas
was comparably increased by CCK, indicating CCK-
induced Ca** mobilization and elevated cytosolic
[Ca**]. The Ca** ionophore A23187 also stimulated
the rate of “*Ca** extrusion from pancreas of both
ages. Increased amylase secretion occurred concur-
rently with A23187-stimulated “Ca** efflux in neonatal
pancreas, but not in the fetal gland. A23187 in combi-
nation with dibutyryl cCAMP potentiated amylase re-
lease from the neonatal gland, but not from fetal pan-
creas. Similarly, the protein kinase C activator,
phorbol dibutyrate, did not increase the rate of secre-
tion from the fetal gland when added alone or in com-
bination with A23187 or CCK. We suggest that
CCK-receptor interaction in the fetal pancreas triggers
intracellular Ca** mobilization. However, one or more
signal transduction events distal to Ca** mobilization
have not yet matured. The onset of secretory response
to CCK that occurs postnatally may depend on am-
plification of these transduction events.

major physiologic secretagogue for the exocrine pan-

creas. This hormone has been shown to interact spe-
cifically with a sialoglycoprotein of M, 85,000 that is local-
ized on the basolateral plasma membrane of the acinar cell
of the adult rat pancreas (41, 42). Consequent to CCK bind-
ing to its receptor, a cascade of molecular events occurs that
culminates in the exocytotic release of secretory granule con-
tent. These signal transduction events are not well under-
stood, but include increased degradation of phosphatidylino-
sitol, generation of diacylglycerol (21, 36, 52), and a
transient rise in the cytosolic Ca*™ concentration ([Ca**]c)
(35, 39, 49). The Ca** mobilized during hormone stimula-
tion appears to initially come from an intracellular store,
i.e., the trigger pool, since the early phase of secretion can

THE polypeptide cholecystokinin (CCK)' serves as a

1. Abbreviations used in this paper: [Ca**]c, cytosolic free calcium con-
centration; CCK, cholecystokinin; CCK-8, CCK COOH-terminal octa-
peptide; CCK-33, CCK triacontatriapeptide; C-kinase, protein kinase C;
dbcAMP, dibutyryl cyclic AMP; KRH, Krebs Ringer’s Hepes buffer; MBS,
m-maleimidobenzoyl N-hydroxysuccinimide ester; MEM, Eagle’s mini-
mum essential medium; STI, soybean trypsin inhibitor.
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occur in the absence of extracellular Ca** (14, 48, 49). Net
efflux of Ca** from internal pools occurs during the initial
phase of stimulated protein discharge; sustained secretion,
however, is dependent on extracellular Ca*™, and net influx
of Ca** occurs during this period (14, 48). Recent evidence
suggests that the sustained phase of stimulated secretion is
mediated by the activity of the Ca**/phospholipid-depen-
dent protein kinase C (C-kinase) (33, 35, 40). We have stud-
ied the mechanism of stimulus-secretion coupling by analyz-
ing the onset of CCK responsiveness during rat pancreatic
development.

Morphogenesis and cytodifferentiation of the fetal pan-
creas are well-characterized processes. By day 19 of gesta-
tion in the rat (i.e., 3 d before birth), the acinar cells contain
the mature complement of intracellular organelles (38). By
day 21 of gestation (1 d before birth), a complete set of se-
cretory proteins destined for export are synthesized, trans-
ported, and packaged into zymogen granules in a manner
similar to that of the adult gland (Arvan, P., and A. Chang,
manuscript in preparation; references 43 and 54). At this
time, the acinar cell cytoplasm is filled with accumulated
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zymogen granules (38), and secretory proteins are released
basally in vitro (10, 55). However, the expression of a mature
cell surface phenotype (as measured by lectin binding) does
not begin to occur until day 21 of gestation (30). Further-
more, treatment of pancreatic organ cultures with the thymi-
dine analog, S-bromodeoxyuridine, dissociates cell surface
glycoconjugate differentiation from cytodifferentiation (31).
Such observations suggest that the maturation of plasma
membrane proteins (perhaps including those involved in
CCK action) may not be tightly coupled with the develop-
ment of the secretory apparatus. Indeed, it has been observed
previously that protein discharge in response to caerulein, a
CCK analog, is low in the fetal pancreas (10); significant
secretory response to stimulation occurs only after birth
(28, 55).

In the present study we show that the cell surface expres-
sion of CCK binding proteins in the fetal pancreas is tem-
porally distinct from the postnatal development of secretory
responsiveness to CCK. One possible explanation for the in-
creased secretory responsiveness of the neonatal pancreas to
CCK compared with that of the fetal gland is a more efficient
or effective coupling of hormone binding to the generation
of the intracellular second messengers, [Ca**]c and diacyl-
glycerol. A similar mechanism for increased hormone sensi-
tivity during development has been previously described in
several systems in which the maturation of cellular respon-
siveness involves a more efficient or effective coupling of
receptor occupancy to adenylate cyclase (and generation of
the second messenger, CAMP) (24, 27). An alternative expla-
nation for the amplified secretory response in the neonatal
pancreas is the maturation of transduction events distal to the
mobilization of Ca™ and/or C-kinase activation. To distin-
guish between these possibilities, we have examined Ca**
mobilization in response to CCK during pancreatic devel-
opment. In addition, we investigated the sensitivity of the
secretory machinery in developing pancreas to an eleva-
tion in [Ca**]c produced by addition of a divalent cation
ionophore, and/or to activation of C-kinase by phorbol
dibutyrate.

Our data show that CCK binding to the fetal pancreas 1d
before birth results in Ca*t mobilization; however, the
gland appears unresponsive to the second messenger gener-
ated by either the hormone, or the Ca** ionophore A23187.
Furthermore, combinations of A23187 with phorbol dibutyr-
ate, or the cAMP derivative, dibutyryl cAMP (dbcAMP) did
not stimulate the rate of amylase secretion in the fetal gland,
in contrast to the effects observed in neonatal and adult pan-
creas.

Preliminary accounts of this work have been presented
(7, 8).

Materials and Methods

Preparation of Tissue

Sprague-Dawley rats were obtained from Camm Research Lab Animals
(Wayne, NJ) and allowed to feed or nurse freely. Pancreata were dissected
from aduit rats, defined as male animals weighing 125-150 g (~2-mo-old).
Neonatal pancreata were dissected and pooled from one or more litters of
rats ~1-d-old. Fetal rats at day 21 of gestation were removed from one or
more mothers with timed pregnancies, and their pancreata dissected and
pooled. The dissected glands were placed in cold, oxygenated Eagle’s mini-
mum essential medium (MEM) with Hank’s salts, buffered with Hepes (25
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mM), pH 7.4, and trimmed of connective tissue and/or mesenchyme under
a binocular microscope.

Amylase Discharge Assay

Pancreatic lobules were isolated by dissection with fine scissors. In order
to wash away debris spilled into the medium from cells damaged during lob-
ule preparation, the tissue was preincubated in ~s10 ml oxygenated MEM
containing 0.01% (wt/vol) soybean trypsin inhibitor (STI), 0.1% wt/vol BSA
for ~30 min at 37°C, and several changes of the medium were made. To
initiate the secretion assay, 2 ml oxygenated MEM was added to six lobules
(pooled from several fetal or neonatal glands, or dissected from random
regions of the adult pancreas) in the presence or absence of a range of CCK
COOH-terminal octapeptide (CCK-8) concentrations. All tubes were in-
cubated for 2 h in a 37°C water bath shaking at 120 oscillations/min. During
the course of the experiment, the samples were gassed with 100% O, at
30-min intervals. Aliquots of medium (100 ul) were removed every 30 min
and replaced with an equal volume of fresh medium containing the appro-
priate dose of hormone. At the end of 2 h, lobules were rinsed rapidly with
MEM before being either sonicated or homogenized in 2 ml of 0.02%
val/vol Triton X-100, 20 mM NaCl, 10 mM Na phosphate, pH 6.9. Samples
were frozen at —20°C before assaying for amylase activity according to the
method of Bernfeld (2). Using linear regression analysis, we calculated the
rates of amylase discharge (percent of total amylase released per minute)
for each experiment.

Radioiodination of CCK

CCK-8, the most potent form of the hormone in stimulating pancreatic
secretion (23), was used in the amylase discharge and “’Ca** efflux experi-
ments, and 'I-CCK-8 was used in the binding experiments. Since at least
one free amino group on radiolabeled CCK triacontatriapeptide (CCK-33)
is available for reaction with NH,-reactive cross-linking reagents, '*’I-
CCK-33 was used for the affinity labeling and autoradiography studies.
CCK-33 was acylated with PI-labeled Bolton-Hunter reagent, as described
previously (41). '’I-CCK-33 prepared by this method has a specific activ-
ity of ~+500 Ci/mmol, and has been shown to retain full biologic activity
(44).

Preparation of Pancreatic Membranes

Total membranes were prepared by homogenizing the pancreas using 10 up-
down strokes with a Brendler Teflon pestle homogenizer (0.08-0.15 mm
clearance) driven at 2,200 rpm in 10 times volume per tissue wet weight
of Krebs-Ringer Hepes (KRH) buffer diluted fourfold with distilled H,O.
(KRH: 103 mM NaCl, 4.78 mM KCl, 1.16 mM KH,PO,, 1 mM MgSO,,
1 mM CaCl,, 0.2% wt/vol BSA, 25 mM Hepes, pH 7.4.) Diluted KRH
buffer (final Mg** concentration, 0.25 mM) was used as the homogeniza-
tion medium to minimize the aggregation of membranes that occurs in the
presence of a higher Mg** concentration (32). Included in the buffer were
the protease inhibitors, aprotinin (10 U/ml), leupeptin (10 pg/ml), pepstatin
(4 pg/ml), bacitracin (100 ug/ml), and 0.01% STI. All manipulations were
done at 4°C. Homogenates were centrifuged at 600 rpm for 5 min in an IEC
PR6000 (International Equipment Company, Needham Heights, MA) to
pellet any unbroken cells. The supernatant was collected, and the pellet was
rehomogenized in 1 ml of buffer using five up-down strokes with the Bren-
dler homogenizer. Supernatant and second homogenate were combined,
filtered through two layers of gauze, and aliquots were removed for DNA
assays by the Burton method (4). DNA in the remaining homogenates was
then digested by incubation with 2 mg purified DNase per 4 g wet tissue
weight for 60 min at 4°C. Total membranes from homogenates containing
a known quantity of DNA were then pelleted by centrifugation for 5 min
at 16,000 g in an Eppendorf microfuge (Brinkmann Instruments Co., West-
bury, NY). Membranes were stored in KRH buffer under liquid N, before
binding assays.

For affinity labeling of CCK binding proteins, a smooth pancreatic mem-
brane preparation was made to reduce the amount of nonspecific labeling.
Pancreata were homogenized in 10 vol/tissue wet weight of 0.3 M sucrose
(containing the battery of protease inhibitors listed above) in a Dounce
homogenizer using six strokes with a tight fitting pestle. The homogenate
was filtered through two layers of gauze, and brought to 1.3 M sucrose by
the addition of a 2-M sucrose stock solution. The volume of the 1.3 M ho-
mogenate was four times that of the 0.3-M sucrose homogenate volume (i.e.,
40 times volume per tissue wet weight). The 1.3 M homogenate was loaded
into centrifuge tubes, overlayed with 0.3 M sucrose, and these discontinuous
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gradients were centrifuged in a rotor (SW 41; Beckman Instruments, Inc.,
Fullerton, CA) for 90 min (150,000 g,,). Material banding at the 0.3-1.3-M
sucrose interface was collected, diluted to a final sucrose concentration of
006 M with distilled H,O, and pelleted by centrifugation at 16,000 g for
5 min. The membrane pellet was resuspended in either KRH or distilled
H,0, stored in aliquots under liquid N,, and used immediately upon
thawing.

CCK Binding and Affinity Labeling

Total membranes representing 5-)g equivalents of homogenate DNA were
washed once by suspension and centrifugation in an Eppendorf microfuge
at 16,000 g for 5 min in 1 M NaCl to remove adsorbed soluble proteins (47),
and then washed again in KRH buffer (containing the battery of protease
inhibitors listed above). To measure S[-CCK-8 binding as a function of
radiolabel concentration, membrane pellets were resuspended in 50 ul of
KRH buffer and mixed with 50 pl of I-CCK-8 (sp act ~2,000 Ci/mmol)
of varying concentrations in the presence or absence of unlabeled hormone
in KRH buffer. After a 30-min incubation at room temperature, a time
sufficient to reach steady-state binding (data not shown), the reaction was
terminated by the addition of 1 ml ice-cold KRH buffer. Free ligand was
separated from that bound to membranes by centrifugation (16,000 g for
5 min). The pellets were resuspended in an additional 1 ml of buffer and
centrifuged again, as described above. Radioactivity associated with mem-
brane pellets was measured in a gamma counter (Beckman Instruments,
Inc.). Nonspecific binding was determined in the presence of 2 uM unla-
beled CCK-8. The absolute amount of nonspecific radioactivity bound was
the same for membranes from pancreas of each age; this represented ~15%
of the total counts bound to membranes from adult, and ~50% of total ra-
dioactivity bound in neonatal, and fetal pancreas, respectively. The low
number of CCK binding sites relative to protein content in membranes from
fetal and neonatal pancreas may contribute to the high percentage of
nonspecific binding observed. In addition, our autoradiographic data (Fig.
3) suggest that I-CCK was nonspecifically associated with mesenchymal
matrix, which may contaminate membrane preparations from developing
pancreas; nevertheless, nonspecifically bound radioactivity was not cross-
linked (Fig. 4).

For affinity cross-linking studies, smooth membranes washed with NaCl
were first treated with 10 mM dithiothreitol for 5 min on ice, since reduction
of membrane proteins before binding dramatically improves the efficiency
of cross-linking with *I-CCK-33 and m-maleimidobenzoyl N-hydroxy-
succinimide ester (MBS) (29). Washed membranes (~v75 ug protein deter-
mined by the fluorescamine method; reference 53) were incubated in KRH
buffer with ~3 nM 2’I-CCK-33 in a final volume of 200 ul. After a 15-
min incubation at 23°C, 1 ml of ice-cold KRH buffer was added to all tubes.
All subsequent manipulations were done at 4°C to decrease the rate of dis-
sociation of radioligand from the membranes (23). Membranes were
pelleted and washed a second time in 1 ml of KRH buffer without BSA.
Cross-linking was initiated by resuspending labeled membrane pellets in
98 ! of KRH buffer, and adding 2 pl of a 2.5-mM MBS solution dissolved
in DMSO (final MBS concentration, 50 uM). The reaction was allowed to
proceed for 5 min on ice before being quenched by the addition of 20 mM
Tris buffer, pH 7.4. Cross-linked membranes were pelleted again, and solu-
bilized in sample buffer (0.12 M Tris, pH 6.7, 4% wt/vol SDS, 2 mM EDTA,
20% vol/vol glycerol, 0.01% wt/vol bromophenol blue, 0.1 M dithiothreitol)
before SDS gel electrophoresis (7 % vol/vol polyacrylamide gels), according
to the method of Laemmli (26). Samples were not boiled before electropho-
resis since aggregation of CCK binding proteins was increased upon boiling.
After electrophoresis, gels were stained with 0.2% wt/vol Coomassie Blue
in 50% vol/vol methanol/7% vol/vol acetic acid, dried, and exposed at
=70°C to x-ray film (Kodak XAR-5) with a Cronex intensifying screen
(DuPont Co., Wilmington, DE).

Light Microscopic Autoradiography

Pancreatic lobules from fetal and neonatal rats were preincubated in ~10
ml KRH buffer (containing 0.2% wt/vol BSA, 0.01% wt/vol STI) for ~30
min with several changes of medium. Lobules were then incubated in 0.5
m! KRH buffer containing ~10 nM ZI-CCK-33 for 5 min at 23°C in the
presence or absence of 2 pM unlabeled CCK-8. Lobules were rinsed twice
in 50 ml ice-cold KRH buffer for ~1 min before being fixed overnight at
4°C with 2% vol/vol glutaraldehyde in 0.1 M Na cacodylate, pH 7.4. After
the tissues were osmicated (1% OsO,), and embedded in Epon, 0.5-um
sections were cut and coated with emulsion (Iiford K5; Polysciences, Inc.,
Warrington, PA) according to standard methods (41). Autoradiographs were
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exposed for ~4 wk, developed in Kodak D-19, and stained with 1% wt/vol
methylene blue per 1% wt/vol azure I in 1% wt/vol Na borate. Photographs
were taken on a Zeiss Photomicroscope II (Carl Zeiss, Inc., Thornwood,
NY).

#Ca+ Efflux

Pancreatic lobules were prepared and preincubated in oxygenated MEM,
as described above. The 4*Ca** efflux experiments were done with minor
modifications of the procedure of Case and Clausen (5). Usually 12 pan-
creatic lobules were loaded for 60 min with radioactive tracer (20 pCi
“CaCly) in 2 ml medium.

By 60 min of loading, a steady state of *Ca** uptake was approached
in pancreatic lobules from adult, neonatal, and fetal rats. At this time, accu-
mulated “*Ca** normalized to DNA content was ~1,600, 2,900, and 3,000
cpm/pg DNA, in pancreatic lobules of adult, neonatal, and fetal rats, re-
spectively. After loading, the pancreatic lobules were rinsed with MEM and
blotted on filter paper. Usually six lobules were transferred to prewarmed
MEM (2 mi) that contained CaCl, (0.95 mM), but that was tracer-free.
4Ca** was permitted to wash out of the cells for 1 h before the start of the
experiment to effectively drain trapped radioactivity from the extracellular
space (5). Every 10 min during this period, 1 ml of medium was removed
and replaced with an equal volume of fresh medium to reduce the reuptake
of tracer by the tissue.

To start the experiment after 60 min of tracer washout, the medium was
completely removed and replaced with fresh medium. Basal “Ca*™* efflux
and amylase release were measured every 10 min for 40 min. Duplicate 0.5-
ml aliquots of medium were collected and replaced with 1 ml of fresh
medium. After 40 min, 1 ml of medium was removed, and replaced with
MEM containing secretagogue. Incubation continued in the presence of
secretagogue, and aliquots were taken at 2- and 3-min intervals initially, and
5-10-min intervals thereafter (for a total of 40~60 min). At the end of the
experiment, lobules were blotted on filter paper, and homogenized as de-
scribed above. Homogenate and medium aliquots were analyzed for amy-
lase activity and lactate dehydrogenase activity (45), and counted in 5 mi
Optifluor (Packard Instruments, Inc., Downers Grove, IL) with a liquid
scintillation counter (Beckman Instruments, Inc.).

A23187 and phorbol dibutyrate were prepared as 5- and 1-mM stock
solutions, respectively, in DMSO. A DMSO concentration of 0.1% vol/vol
(the highest concentration present in any incubation) did not have any effect
on “Ca*™ efflux or basal amylase release from pancreatic lobules. Doses
of A23187 (5 pM), dbcAMP (1 mM), and phorbol dibutyrate (1 pM) used
in this study have been reported by others (11, 18, 33) to cause maximal amy-
lase secretion from pancreatic lobules or acinar preparations from adult rat
pancreas,

Calculations

Cumulative “Ca** efflux, amylase release, and lactate dehydrogenase leak-
age into the medium are expressed as a percent of total tissue activity (i.e.,
the sum of the activities present in all samples of medium plus the activity
remaining in the tissue homogenate at the end of the experiment). Fractional
45Ca** efflux is the percent of total radioactivity appearing in the medium
per minute, as described by Borle (3). Change in fractional efflux is defined
as the maximum fractional efflux observed in the presence of the stimulus
minus the basal fractional efflux measured immediately before stimulus ad-
dition. Since basal fractional ’Ca** efflux varied from sample to sample
(<0.5%/min), the data in some figures are expressed as relative fractional
efflux for clarity, i.e., the curves are frame-shifted so that the basal frac-
tional efflux measured immediately before the addition of stimulus equals
1%/min.

Materials

MEM with Hank’s salts was purchased from Flow Laboratories, Inc.
(McLean, VA). BSA (fraction V, RIA grade) was obtained from Armour
Pharmaceutical Co. (Kankakee, IL). STI and purified DNase were pur-
chased from Cooper Biomedical, Inc. (Malvern, PA). All other protease
inhibitors (bacitracin, leupeptin, pepstatin, aprotinin), phorbol 12,13-
dibutyrate, dbcAMP, and reagents for the lactate dehydrogenase assay
(NADH and Na pyruvate) were obtained from Sigma Chemical Co. (St.
Louis, MO). CCK-8, *I-labeled with Bolton-Hunter reagent, with a spe-
cific activity of ~2,000 Ci/mmol was purchased from Amersham Corp.
(Arlington Heights, IL). Monoiodinated Bolton-Hunter reagent (sp act
>2,000 Ci/mmol) was obtained from New England Nuclear (Boston, MA).
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Figure 1. Dose-response curve of CCK-stimulated amylase release
from pancreatic lobules. Pancreatic lobules were incubated in the
presence or absence of the indicated concentrations of CCK-8 for
2 h at 37°C. Amylase activity discharged into the medium (ex-
pressed as a percentage of the total amylase activity present in the
medium plus that remaining in the lobules after 2 h) is plotted as
a function of the log molar CCK concentration. (Open circle) Adult
pancreas; (solid circle) neonatal pancreas; (open triangle) fetal pan-
creas. Results are the mean of three or more experiments. Vertical
bars represent SEM. The mean rates of amylase release (percent
of total amylase activity appearing in the medium per minute) were
determined for each experimental condition as described in Mate-
rials and Methods. The basal rates of amylase discharge from adult
(006 + 0.01%/min [mean + SEM], measured in 12 separate incu-
bations), neonatal (0.06 + 0.01%/min [mean + SEM], determined
in 15 separate incubations), and embryonic (005 + 0.01%/min
[mean + SEM], determined in 8 separate incubations) pancreas
were not significantly different by Student’s paired ¢ test, P > 0.2.
There was no significant difference (Student’s paired # test, P > 0.6)
between stimulated rates of discharge from adult pancreas at 1 nM
CCK-8, and neonatal pancreas at 10 nM CCK-8.

Dithiothreitol and molecular mass standards were from Bio-Rad Laborato-
ries (Richmond, CA). MBS was purchased from Pierce Chemical Co.
(Rockford, IL). Synthetic CCK-8 was a gift from Dr. S. J. Lucania (Squibb
Institute for Medical Research, Princeton, NJ). Natural porcine CCK-33
was obtained from Dr. Viktor Mutt (Gastrointestinal Hormone Research
Laboratory, Karolinska Institutet, Stockholm, Sweden). A23187 was pur-
chased from Calbiochem-Behring Corp. (La Jolla, CA).

Results

CCK-stimulated Discharge of a-Amylase from Adult
and Developing Pancreas

Secretory response to CCK octapeptide (CCK-8) was mea-
sured by the extent of discharge of the granule content mark-
er, a-amylase, from pancreatic lobules. In Fig. 1, the CCK
dose-response relationship in the fetal pancreas was com-
pared with those of the neonatal and adult glands. As in pre-
vious reports (12, 16, 46), 1 nM CCK was the most effective
dose in triggering amylase release from adult pancreas; the
level of amylase released into the medium after 2 h in the pres-
ence of 1 nM CCK-8 was 32.9% of total cellular amylase +
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Figure 2. WI-CCK binding to pancreatic membranes. '2I-CCK-8
was incubated for 30 min at room temperature with total mem-
branes representing 5-pg equivalents of homogenate DNA from
adult (x), neonatal (open circle), and fetal (solid circle) pancreas.
Specifically bound radioactivity is plotted as a function of >5[~
CCK-8 concentration. Nonspecific binding, determined in the pres-
ence of 2 uM unlabeled CCK-8, has been subtracted (see Materials
and Methods). CCK binding curves are averages of two to three ex-
periments on pancreatic membranes of each age. Vertical bars rep-
resent SEM. Note that specific radioactivity bound to adult pan-
creas is greater by approximately an order of magnitude than that
bound to an equivalent cell number in neonatal and fetal pancreas.

50% (mean + SEM) (Fig. 1). Amylase discharge from the
neonatal pancreas was maximal at a CCK dose of 10 nM (27.1
+ 3.8% [mean + SEM])), i.e., the dose-response curve was
shifted to the right compared with that of the adult. In both
adult and neonatal pancreas, supraoptimal doses of hormone
induced submaximal release of amylase. In contrast to the
neonatal and adult glands, the level of amylase discharge
from the fetal pancreas remained low in the presence of all
CCK doses tested (Fig. 1). The maximal level of amylase re-
lease from the fetal gland (8.2 + 1.5% [mean + SEM]) in
the presence of 1 nM CCK-8 was not significantly greater than
the level of basal discharge (54 + 07% [mean + SEM];
P = 0.1 by Student’s ¢ test). Thus it appears that the fetal pan-
creas at 1 d before birth shows an insignificant secretory re-
sponse to CCK.

A time course of amylase release revealed that secretion
was approximately linear with time for up to 120 min in de-
veloping as well as in adult glands, and the basal rates of
secretion did not differ significantly from each other (see leg-
end to Fig. 1). Optimal CCK doses of 1 and 10 nM induced
comparable rates of amylase secretion from adult and neona-
tal pancreas, respectively. The rate of stimulated amylase
discharge at the optimal CCK dose (minus basal discharge)
was 0.26 + 0.04%/min (mean + SEM; determined in 5 sep-
arate incubations) in adult pancreas versus 0.23 + 003 %/
min (mean + SEM; measured in 13 separate incubations) in
neonatal pancreas. Strikingly, the rate of CCK-induced amy-
lase release from the neonatal pancreas at 1 nM (0.12 +
0.1%/min [mean + SEM]; measured in 15 separate incuba-
tions) and 10 nM CCK from the neonatal pancreas was four-
and eightfold greater, respectively, than that of the fetal gland
(0.03 £ 0.01%/min [mean + SEM]; determined in 7 separate
incubations).
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Binding of CCK to Membranes of Adult and
Developing Pancreas

It is generally accepted that the interaction of polypeptide
hormones with their receptors at the plasma membrane is a
prerequisite for eliciting cellular responses (13). A possible
explanation for the insensitivity of the fetal pancreas to CCK
is that hormone binding sites are not yet expressed at the
cell surface. To ascertain whether the fetal gland expresses
CCK binding sites, we tested for 2’I-CCK-8 binding to to-
tal membrane preparations from fetal and neonatal as well
as adult glands. Fig. 2 shows the specific »S[-CCK binding
to membranes from pancreas of each age plotted as a func-
tion of hormone concentration. In all cases, binding ap-
peared to approach saturation asymptotically at 7 nM
25]-CCK-8, and no further increase in specific binding was
observed at 10 nM hormone (data not shown). At 7 nM
25[-CCK-8, the membranes derived from equal numbers of
fetal and neonatal pancreatic cells specifically bound equal
amounts of I-CCK (see Materials and Methods); how-
ever, this binding represented only ~10% of that observed
in adult pancreatic membranes. A difference in the number
rather than the affinity of CCK binding sites may account for
the difference in the binding capacity of membranes from
adult pancreas compared with that of the fetal and neonatal
glands. As in previously published data (22, 23, 51), we ap-
proximate an apparent K; of ~1.5 nM, based on the concen-
tration of ?5]-CCK-8 at which binding was half-maximal to
membranes from adult, neonatal, and fetal pancreas.

Autoradiographic Localization of CCK Binding Sites
in Adult and Developing Pancreas

To determine whether the CCK receptors of the fetal pan-
creas are present on the cell surface, we visualized I~
CCK-33 binding to pancreatic lobules by light microscopic
autoradiography. Pancreatic lobules from both fetal and
neonatal rats were incubated at 23°C for 5 min with 10
nM BI-CCK-33, before fixation with glutaraldehyde. As
shown in Fig. 3, 2 and ¢, 'PI-CCK labeling of fetal pancreas
was indistinguishable from that observed in the neonatal
gland. Autoradiographic grains were predominantly local-
ized around the periphery of acinar cells in pancreas of both
ages, although they were sparse in comparison to that ob-
served in adult pancreas (41; and data not shown). Some au-
toradiographic grains were also observed in the interior of
acinar cells. I-CCK labeling was more dense around acini
at the periphery of each lobule; slow diffusion of radiola-
beled hormone into the interior of the tissue probably ac-
counts for this restricted labeling. The labeling of the acinar
cells was specific; in the presence of an excess of unlabeled
CCK-8, a very low level of nonspecific radioactivity was
randomly associated with the cells (Fig. 3, b and d).
Nonspecific autoradiographic grains that were not competed
by 2 pM unlabeled CCK-8 also appeared homogeneously
distributed over the mesenchymal matrix.

Although the cell surface expression of CCK binding sites
appears similar in fetal and neonatal pancreas, the morphol-
ogy of the acinar cells in each was strikingly distinct. Many
large zymogen granules filled the acinar cells of the fetal
pancreas, while the neonatal pancreas contained fewer and
smaller secretory granules restricted to the apical region of
acinar cells (Fig. 3, b and d; reference 40).

Chang and Jamieson Secretory Responsiveness to Cholecystokinin

Affinity Labeling of CCK Binding Proteins in
Membranes from Adult and Developing Pancreas

To test whether maturation of secretory responsiveness is
related to structural changes in CCK binding proteins during
development, these proteins were analyzed in fetal, neonatal,
and adult pancreas by affinity cross-linking. The (SH, NH;)
heterobifunctional cross-linker MBS has been used to af-
finity label CCK binding proteins of pancreatic membranes
from adult rats (29). Since MBS has a high cross-linking
efficiency compared with several other cross-linking re-
agents (29), it was used to identify CCK binding proteins of
developing as well as adult pancreas. When membranes from
adult pancreas were cross-linked with “I-CCK-33 and
MBS, and analyzed by SDS PAGE, proteins of M, 85,000,
130,000, and 190,000 were labeled (Fig. 4 d), as in Madison
et al. (29). Affinity labeling was specific since it was abol-
ished in the presence of 2 uM unlabeled CCK-8 (Fig. 4). The
M, 85000 protein is postulated to constitute a part of the
CCK receptor, since it has been identified by a variety of
affinity cross-linking techniques (41). The relationship of the
other affinity-labeled membrane constituents with respect to
CCK receptor structure is not clear at present; they may rep-
resent subunits of the receptor or neighboring proteins (29,
41). Nevertheless, we will refer to all affinity-labeled mem-
brane constituents as CCK binding proteins.

The electrophoretic mobilities on SDS polyacrylamide
gels of affinity-labeled CCK binding proteins of fetal pan-
creas (Fig. 4, lane a) appeared similar to those of neonatal
pancreas (lane b); a band of apparent M, of 210,000, and a
broad region ranging from M, 100,000-160,000 were labeled
in both tissues. To establish a possible relationship between
the affinity-labeled proteins of developing pancreas and those
of the adult gland, CCK binding proteins of 3-wk postpartum
pancreas were examined (Fig. 4, lane ¢). These labeled pro-
teins had apparent M;s of 195,000, 145,000, and 95,000 that
were intermediate between those of the neonatal (lane b) and
adult pancreas (lane d). This result suggested to us that the
CCK binding proteins of fetal, neonatal, and adult pancreas
are structurally related.

Simultaneous Measurement of “Ca** Efflux
and Amylase Discharge from Pancreatic Lobules:
Effect of CCK

Since it appeared that the fetal pancreas expressed cell sur-
face binding sites for CCK, we tested whether these CCK
binding proteins were functional, i.e., were able to translate
hormone binding into an intracellular response. It has been
shown that CCK binding stimulates an increase in the
#Cat** effiux from preloaded pancreatic lobules of adult rats
incubated in a calcium-containing, but tracer-free medium
(5). The increased *’Ca** efflux is a reflection of CCK-
induced Ca** mobilization and redistribution (although it
does not indicate net Ca** movement; references 5 and 49).

The fractional 4Ca** efflux (cumulative *Ca** present in
the medium expressed as a percent of total cellular 45Ca*+
per minute; reference 3) from preloaded lobules of adult pan-
creas is shown as a function of time in Fig. 5 a. An increase
in fractional 4*Ca** efflux in the presence of CCK (1 nM)
was observed within 2 min after hormone addition. The rate
of ¥Ca** appearance in the medium was maximtal on aver-
age at ~v12 min (ranging from 7-20 min over 11 experiments)
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after CCK addition, and subsequently declined (Fig. 5 a).
A quantitative measure of the CCK-induced change in frac-
tional 4Ca** efflux was obtained by subtracting the frac-
tional efflux observed immediately before the addition of
hormone from the maximum fractional efflux observed in its
presence. In adult pancreas, the CCK-stimulated change in
fractional efflux was 063 + 006%/min cellular “Ca**
(mean + SEM) (Fig. 6).

Cumulative amylase release from adult pancreas, assayed
simultaneously with 4Ca** efflux, is also shown in Fig. 5 a.
Although the basal rate of amylase discharge varied slightly
among separate incubation flasks, it was always low and lin-
ear. Addition of 1 nM CCK (the dose causing maximal amy-
lase secretion from adult pancreas) dramatically increased
the rate of amylase release, and this effect continued for the
duration of the experiment.

In the neonatal pancreas, the change in fractional 4*Ca**
efflux induced by either 1 or 10 nM CCK (0.09 + 0.02 %/min
[mean + SEM]; and 0.11 + 004 %/min [mean + SEM],
respectively) was substantially and consistently less than that
observed in the adult gland (Fig. 5 b and 6). Furthermore,
maximum **Ca** efflux from neonatal pancreas occurred at
a slightly earlier time after CCK addition (mean time over
13 experiments, ~7 min; range, 5-10 min) compared with the
adult pancreas (compare Fig. 5, b and a). However, the rate
of amylase secretion from the neonatal pancreas in the pres-
ence of an optimal CCK ¢ (10 nM) was comparable to
maximally stimulated discir . -¢ from the adult gland, based
on three individual experimants in which “Ca** efflux and
amylase release were assayed simultaneously (compare Fig.
5, a and b).

To determine whether CCK binding in the fetal pancreas
is coupled to Ca** mobilization from intracellular stores,
45Ca** efflux was monitored in the presence and absence of
CCK. Fig. 5 ¢ shows ¥Ca** efflux and concomitant amy-
lase discharge from fetal pancreas in response to 10 nM
CCK. Although the rate of amylase secretion in the presence
of CCK was low, the hormone induced an increase in ¥Ca**
efflux from the fetal pancreas; this change in fractional
Catt efflux (0.09 + 002%/min [mean + SEM] at 1 nM
CCK; and 0.10 + 0.04 %/min [mean + SEM] at 10 nM CCK)
was equal in magnitude to that seen in the neonatal gland in
response to CCK (Fig. 6). The time after CCK addition at
which maximal fractional efflux occurred (mean time over
10 experiments, "7 min) was also similar to that of the neo-
natal pancreas. Although 10 nM CCK appeared to trigger a
slightly greater increase in fractional ¥*Ca** efflux than did
1 nM CCK in pancreas of both ages, the differences were not
statistically significant (P > 0.5 by Student’s ¢ test). The data
indicate that CCK-induced Ca** mobilization from fetal
pancreas is equal to that from the neonatal gland.
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Figure 4. Affinity labeling of pancreatic membranes with 2’[-
CCK-33 and MBS. Smooth membrane fractions isolated from fetal
(lane a), neonatal (lane b), 3-wk postpartum (lane ¢), and adult (lane
d) pancreata were incubated with ~3 nM '25[-CCK-33 at 23°C in
the presence or absence of 2 uM CCK-8, and cross-linked with
50 uM MBS (see Materials and Methods). Labeled CCK bind-
ing proteins were resolved by SDS gel electrophoresis (7% poly-
acrylamide gel) under reducing conditions, and the dried gel ana-
lyzed by fluorography. Molecular mass markers were: myosin (M;
200000), B-galactosidase (M; 116,500), phosphorylase b (M; 92,500),
BSA (M, 66,200), and ovalbumin (M, 45000). The amount of
label incorporated into each band varied from experiment to experi-
ment; however, the pattern of labeled proteins remained constant.
Radioactivity appearing at the bottom of the gel represents labeled
hormone that was not cross-linked to membrane proteins. The data
presented are representative of three or more experiments.

Effect of A23187 Alone and in Combination with
dbcAMP or Phorbol Dibutyrate on “Ca** Efflux and
Amylase Discharge in Pancreatic Lobules

Since CCK stimulated 4Ca** efflux without eliciting amy-
lase secretion in the fetal pancreas, it is possible that one or
more signal transduction events distal to Ca*™ mobilization
are uncoupled from the Ca** signal. To test this proposi-
tion, we measured the effect of the Ca** ionophore A23187
on amylase discharge and “Ca** efflux. A23187 bypasses
cell surface receptors to trigger protein secretion from adult
pancreas, presumably by increasing the [Ca**]c via mobili-
zation of intracellular Ca** stores and/or increasing Ca**
influx from the extracellular medium (6, 11, 15, 19, 35). Fig.
7 a shows the stimulatory effect of 5 uM A23187 on ¥Ca**
efflux from pancreatic lobules of fetal rats. For clarity and
ease of comparison among different experimental condi-

Figure 3. Light microscopic autoradiography of pancreatic lobules labeled with '>I-CCK-33. Pancreatic lobules were incubated in KRH
buffer containing ~10 nM I-CCK-33 for 5 min at 23° in the presence or absence of 2 pM unlabeled CCK-8, before being fixed and
processed for light microscopic autoradiography (see Materials and Methods). (a) Autoradiogram of fetal pancreas labeled with 2%]-
CCK-33; (b) control preparation of fetal pancreas incubated with *I-CCK-33 and 2 pM CCK-8; (¢) autoradiogram of neonatal pancreas
labeled with Z1-CCK-33; (d) control preparation of neonatal pancreas incubated with radioligand in the presence of unlabeled hormone.
The data presented are representative of three separate experiments. Arrows indicate autoradiographic grains localized around the periphery
of acinar cells. Arrowheads in b indicate autoradiographic grains nonspecifically associated with mesenchymal tissue. Bar, 10 pm.

Chang and Jamieson Secretory Responsiveness to Cholecystokinin
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Figure 5. CCK stimulation of *5Ca** efflux and amylase release
from pancreatic lobules. Pancreatic lobules from adult (a), neonatal
(b), and fetal (c) rats were preloaded with *Ca** as described in
Materials and Methods, and were then incubated in medium that
contained 0.95 mM calcium, but that was tracer-free. Aliquots of
medium were collected at the indicated times and assayed for
“Ca**, and were replaced with fresh medium. The efflux of
45Ca™ is expressed as a rate coefficient (fractional efflux), i.e., the
percent of total cell radioactivity appearing in the medium per min-
ute. (Solid circle) Fractional “*Ca** efflux plotted as a function of
time; (arrow) the addition (and continuous presence thereafter) of
1 nM CCK to adult pancreas, and 10 nM CCK to neonatal and fetal
pancreas; italic numerals indicate the incubation period in the pres-
ence of hormone; (open circle) cumulative amylase release mea-
sured simultaneously with 43Ca** efflux and expressed as a percent
of total activity; (dashed line) extrapolated basal secretion. The
data are representative of at least three separate experiments on pan-
creas of each age.

tions, the data in Fig. 7 and subsequent figures are expressed
as relative fractional Ca** efflux, i.e., the basal fractional
efflux measured immediately before the addition of stimu-
lus is arbitrarily set at 1%/min, and the fractional *Ca**
effluxes at all other time points are frame-shifted accord-
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ingly. The stimulated changes in fractional 3Ca** efflux and
the shapes of the curves remain the same.

As shown in Fig. 7, the increase in fractional “Cat* ef-
flux measured in the presence of A23187 (0.24 + 0.09%/min
[mean + SEM] over five experiments) was higher than CCK-
stimulated fractional *Ca** efflux (Fig. 6). In addition,
maximal A23187-induced Ca** efflux from the fetal pan-
creas (as well as neonatal and adult glands) occurred at a
later time after ionophore addition than that observed in re-
sponse to CCK. The differences in the shapes of the frac-
tional $Ca** efflux curves induced by the two agents sup-
port the idea that the mechanism of action of A23187 is
different from that of CCK. Although the Ca*™ ionophore
stimulated fractional #Ca** efflux from the fetal pancreas,
the level of amylase release was not increased above basal
secretion (shown in Fig. 7 as net amylase discharge minus
basal discharge).

In an attempt to amplify the secretory response to A23187,
dbcAMP, a cAMP analog, was added to pancreatic lobules
in conjunction with the Ca** ionophore. Agents that stimu-
late increased cCAMP levels have been shown to act syner-
gistically with agents that mobilize Ca**, leading to in-
creased enzyme secretion from the adult pancreas (18, 19).
As shown in Fig. 7 @, A23187 (5 uM) in combination with
dbcAMP (1 mM) increased “*Ca** efflux from fetal pancre-
as, but did not elevate the rate of amylase secretion. Neither
fractional #Ca** efflux nor amylase secretion were in-
creased when dbcAMP (1 mM) was added alone. It appears
that while the fetal pancreas mobilizes Ca** in response to
CCK, signal transduction events distal to Ca** mobilization
are not yet competent to respond to the second messengers.

A23187 increased the rate of amylase release from both
neonatal (Fig. 7 b) and adult (Fig. 7 ¢) pancreas. In the neo-

< o7 () InM CCK
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Figure 6. Increased fractional *Ca** efflux in response to CCK.
The mean values of the changes in fractional ¥*Ca** efflux (maxi-
mum fractional efflux measured in the presence of the hormone mi-
nus the basal fractional eflux measured immediately before its ad-
dition) stimulated by 1 nM (hatched bars) and 10 nM (open bars)
CCK are shown for adult, neonatal, and fetal pancreas. The num-
bers in parentheses indicate the number of experiments performed.
Vertical bars show SEM.

2360



3r
i 1 L Aooo S o 8 A A A A
I " " 1 4009 QO @ b & & Y
' 1 1 e vews Fy & b & r'y

RELATIVE FRACTIONAL %5Ca** EFFLUX NET % AMYLASE RELEASED
(8]

I0 20 30 40 /0 20 30 40 50 60
‘ TIME (min)
b
20r
[a]
w
()]
g
Wi
.|
Y]
@x
w 10}
<
-
>.
s
<
P
'._
w
Z 1 1 1
1.5
1.0k

i 1 1 n 1 1 )

10 20 30 40 /O 20 30 40 50 6
TIME (min)

RELATIVE FRACTIONAL *°ca** EFFLUX

Chang and Jamieson Secretory Responsiveness to Cholecystokinin

Figure 7 Effects of dbcAMP and A23187 on “Ca** efflux and
amylase release from fetal (a), neonatal (b), and adult (c) pancreas.
These experiments were done as described in the legend to Fig. 5
and in Materials and Methods. In each panel net amylase released
in response to each stimulus (minus extrapolated basal discharge)
is shown at the top. At the bottom, the data are expressed as relative
fractional ¥*Ca*™ efflux, i.e., the basal efflux measured immedi-
ately before CCK addition is set to a constant value of 1% /min. Ar-
rows indicate the addition, and continued presence thereafter of 5
UM A23187 (open circle), 1 mM dbcAMP (solid circle), or A23187
in combination with dbcAMP (open triangle); italic numerals indi-
cate the time period of incubation in the presence of stimulus. Basal
4Ca** efflux, the rate of basal amylase discharge, and the magni-
tude of response to each stimulus showed some variability in sepa-
rate incubations. However, the depicted pattern of response is repre-
sentative of at least three experiments. To minimize variation
between samples, pancreatic lobules were pooled from several rat
embryos or littermates.
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Figure 8. Effects of phorbol dibutyrate and A23187 on 4’Ca*™ ef-

flux and amylase discharge from fetal (a) and adult (b) pancreas,

respectively. This experiment was done as described in the legend

to Fig. 7 and in Materials and Methods. For clarity, the data are

presented as a relative fractional +Ca** efflux and net amylase re-
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natal pancreas the A23187-induced change in fractional
“Ca** efflux (019 + 0.04%/min [mean + SEM], deter-
mined in four experiments) was greater than that effected by
CCK, although the level of amylase secretion in response to
A23187 was consistently less than hormone-stimulated dis-
charge (compare Fig. 7 b with Fig. 5 b). In the adult pan-
creas, increased “*Ca** fractional efflux stimulated by
A23187 (0.49 + 0.09%/min [mean + SEM], determined in
six experiments) was less than that observed in the presence
of CCK (Fig. 5 a), in parallel with the effect of these agents
on amylase discharge.

DbcAMP potentiated the effect of A23187 on amylase re-
lease in both adult and neonatal pancreas, without dramati-
cally enhancing the effect of the ionophore on +’Ca** efflux:
~18% of total amylase activity (minus basal secretion) was
released in 60 min from pancreas of both ages. Alone,
dbcAMP caused a slight increase in amylase discharge (net
release in 60 min, ~1-2% in neonatal and adult pancre-
as), and had no effect on 45Ca** efflux (Fig. 7, b and c; ref-
erence 25).

Since activation of C-kinase has been proposed to partici-
pate in the secretory response during secretagogue stimula-
tion (33, 35, 40), it is possible that in the fetal pancreas CCK
binding is not coupled to kinase activation. In an attempt to
induce a secretory response while bypassing proximal trans-
duction events, pancreatic lobules from fetal rats were in-
cubated with phorbol dibutyrate (an activator of C-kinase) in
conjunction with A23187 (Fig. 8 a). The rate of basal amy-
lase release changed very little, if at all, in the presence of
phorbol dibutyrate and A23187. Similarly, CCK in combina-
tion with phorbol dibutyrate had little or no effect on amylase
secretion in the fetal gland. In contrast, secretion from the
adult pancreas was increased by phorbol dibutyrate in com-
bination with A23187; amylase release upon the addition of
phorbol dibutyrate plus CCK appeared similar to that ob-
served in the presence of hormone alone (Fig. 8 b). Added
alone, phorbol dibutyrate slightly increased the secretion
from the adult gland, but had no effect on amylase secretion
from the fetal pancreas.

The magnitude and duration of 4*Ca*™* efflux enhanced by
A23187 and phorbol dibutyrate in both fetal and adult pan-
creas appeared similar to that observed with ionophore alone
(compare Fig. 8, a and b with Fig. 7, a and ¢). Similarly,
phorbol dibutyrate did not greatly affect the CCK-stimulated
change in ¥*Ca** efflux in both fetal and adult glands. *Ca**
efflux from adult and fetal pancreas was not greatly affected
by the addition of phorbol dibutyrate alone.

In pancreas of all ages, leakage of the cytosolic enzyme
lactate dehydrogenase into the medium was always less than
basal amylase release. Addition of A23187 and dbcAMP, or

lease (minus the extrapolated basal discharge). Additions of phor-
bol dibutyrate (1 pM; solid triangle), phorbol dibutyrate plus
A23187 (5 uM; open circle), and phorbol dibutyrate in combination
with 10 nM CCK (solid circle) are indicated by arrows. The change
in fractional *“’Ca** efflux induced by phorbol dibutyrate and
A23187 was 0.33%/min from fetal pancreas, and 0.47%/min from
the adult gland. The changes in fractional 43Ca** efflux stimulated
by a combination of phorbol dibutyrate and CCK were 0.28 % /min
and 0.52 % /min from the fetal and adult pancreas, respectively. The
responses shown here are representative of at least two experiments
on pancreas of each age.
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the ionophore and phorbol dibutyrate did not increase the
rate of lactate dehydrogenase leakage, indicating that these
agents did not induce cell injury (data not shown).

Discussion

Our results show that by 1 d before birth, the pancreas of the
fetal rat expressed specific CCK binding proteins (Fig. 2)
localized at the acinar cell surface (Fig. 3). However, CCK
binding to the fetal pancreas did not result in a stimulated
secretory response (Fig. 1). These studies are consistent with
previous reports that the CCK analog, caerulein, stimulates
only a low level of amylase release in the fetal pancreas (10),
and that secretion in the presence of CCK is not significantly
greater than basal amylase discharge (28, 55). What is clear
from these studies is the dramatically enhanced secretory re-
sponse to CCK of the postpartum pancreas in comparison to
that of the fetal gland. The CCK-stimulated amylase dis-
charge over 120 min was 21 + 3.6% (mean + SEM) from
neonatal pancreas versus 3.7 + 1.1% (mean + SEM) from
fetal pancreas (Fig. 1). In the neonatal pancreas the four- to
eightfold amplification in the rate of stimulated amylase dis-
charge compared with the fetal gland was not correlated with
a comparable change in receptor number or affinity.

25[-CCK binding was normalized to pancreatic DNA con-
tent to obtain an estimate of the relative numbers of binding
sites per acinar cell in fetal, neonatal, and adult pancreas (see
Materials and Methods). Although both fetal and neonatal
pancreas have slightly higher mitotic rates than the adult
gland (37), the actual number of cells containing 4n DNA is
small, and the total tissue DNA content remains a good ap-
proximation of cell number in the glands of each age. In addi-
tion, the fetal, neonatal, and adult pancreas each have the
same proportion of acinar (CCK binding) cells to total pan-
creatic cells (38). Therefore, CCK binding capacity normal-
ized to DNA content is an accurate reflection of the relative
number of binding sites in pancreas of each age. We estimate
that acinar cells of the fetal and neonatal pancreas express
~10% of the number of CCK binding sites per acinar cell
in the adult gland (41), or ~500-1,000 sites.

The CCK dose stimulating maximal amylase release from
adult pancreas (1 nM) was approximately an order of magni-
tude less than the optimal dose in the neonatal gland (10 nM)
(Fig. 1). As in a previous report (28), we find that the en-
hanced sensitivity of the adult pancreas correlates with an in-
crease in the number of CCK binding sites. However, the
presence of spare receptors, and desensitization at high CCK
doses in adult pancreas (16), precludes establishing a quan-
titative relationship between receptor number and secretory
response.

Light microscopic autoradiography of 25I-CCK labeled
lobules (Fig. 3) revealed grains that were predominantly
localized on the periphery of the acinar cells of fetal and neo-
natal pancreas. The binding of *I-CCK to the cell surface
of the acinar cells of both glands was specific, and abolished
in the presence of unlabeled hormone. Thus, a lack of CCK
binding proteins at the cell surface cannot account for the
low secretory response to CCK observed in the fetal pan-
creas. Autoradiographic grains appeared to be distributed
over all acinar cells within a specifically labeled acinus, sug-
gesting that the expression of CCK binding sites is syn-
chronized in acinar cells at day 21 of gestation.

Chang and Jamieson Secretory Responsiveness to Cholecystokinin

Structural similarities in the CCK binding proteins of fetal
and neonatal pancreas are suggested by the similar elec-
trophoretic mobilities of the affinity-labeled proteins (Fig.
4). Nevertheless, we cannot exclude the possibility that there
are subtle structural and/or charge differences between the
CCK binding proteins of these two ages that are not detect-
able by the methods employed here. (Such purported differ-
ences do not affect the affinity of CCK binding or the capabil-
ity of the hormone-receptor complex to stimulate 4Cat*
efflux.) Preliminary experiments using endoglycosidase F to
remove NH;-linked oligosaccharide chains from CCK bind-
ing proteins of adult and developing pancreas suggest that
differential glycosylation of a common polypeptide back-
bone may account for the observed electrophoretic differ-
ences. In addition, we cannot rule out the possibility that
other posttranslational modifications of CCK binding pro-
teins occur during postnatal development.

The data on the structural similarity of CCK binding sites
in fetal and neonatal pancreas is consistent with our observa-
tion that hormone binding to the fetal gland resulted in an
increase in fractional ¥Ca*™* efflux that was quantitatively
identical to that observed in the neonatal gland (Fig. 6). It
appears that the postnatal development of secretory respon-
siveness is independent of receptor properties per se, but in-
volves the maturation of intracellular transduction events.
This hypothesis is supported by the reports (10, 55) that
secretory responsiveness to the cholinergic agonist, carba-
chol (known to stimulate Ca*™ transients via a distinct recep-
tor) is maximal only after birth.

Although the CCK-stimulated increase in 4Ca** efflux
does not indicate net Ca** movement and is not a direct
measure of [Ca™]c (5, 49), several independent lines of
evidence suggest that it reflects a true elevation in [Ca**]c.
First, the stimulated increases in fractional Ca** efflux of
fetal, neonatal, and adult pancreas were not dependent on
extracellular Ca**, and were not affected by the presence
of 0.5 mM EGTA in calcium-free medium (data not shown
and reference 5). The observed change in Ca** effiux is
therefore not likely to be a consequence of Ca** uptake,
nor solely a reflection of increased Ca** cycling across the
plasma membrane (39, 40). Instead, these data suggest that
much of the tracer extruded from preloaded pancreatic lob-
ules in the presence of CCK derives from intracellular pools.
Since CCK-stimulated amylase secretion remained elevated
after fractional °Ca** efflux began to decline (Fig. 5), and
since the secretory response, but not *Ca** efflux, is in-
hibited by incubation in Ca**-free, EGTA-containing medi-
um (6), tracer extrusion is probably not merely a result of
increased release of secretory granule content (containing
4Ca**; reference 9). Lastly, our preliminary data using
pancreatic lobules loaded with the Ca** indicator, aequorin
(50), directly show a transient rise in the [Ca**]c of fetal,
neonatal, and adult pancreas in response to CCK (Chang,
A., and W. Apfeldorf, unpublished result).

The magnitude of CCK-stimulated change in fractional
#Ca** efflux from tracer-loaded adult pancreas is in agree-
ment with the results of Case and Clausen (5). However, we
observed that the time after CCK addition at which maximal
43Ca** efflux occurred was ~12 min compared with ~5 min
previously reported by Case and Clausen (5). The fact that
these authors measured 4*Ca** efflux from the uncinate pan-
creas of ~v4-wk-old rats could account for the difference in
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the shape of the CCK-induced “5Ca** efflux curve that we
present here for the adult gland.

The change in ¥*Ca** efflux induced by CCK (as well as
by A23187) in fetal and neonatal pancreas appeared smaller
when compared with the response in the adult gland (Fig. 6).
The quantitative result is based on an assumption that the
specific activity of the tracer within the cell remains constant
during stimulation. While it is not certain that stimulation
does not alter *Ca** exchange in intracellular pools, the
simplest explanation for the smaller change in “Ca*™ efflux
is that it directly reflects a smaller rise in the [Ca**]c.

It is possible that a particular pool from which Ca** is
mobilized in response to CCK, i.e., the trigger pool (49), is
smaller in developing pancreas. A total Ca** pool that is
smaller or that exchanges more slowly cannot account, how-
ever, for the smaller increase in CCK-stimulated “5Ca**
efflux in developing pancreas, since the total “Ca** loaded
was greater in lobules from fetal and neonatal pancreas than
in adult pancreas (see Materials and Methods). In addition,
a faster reuptake of “Ca** from the medium by fetal and
neonatal pancreas is unlikely to account for the small stimu-
lated change in fractional ¥Ca** efflux; tracer appearing in
the medium was quickly diluted into a large extracellular vol-
ume (relative to the intracellular volume), and removed after
brief time intervals (see Materials and Methods). However,
these considerations do not exclude the possibility that cal-
cium metabolism in developing pancreas differs somehow
from that of the adult gland. Such a possibility, including a
diminished number or efficiency of Ca*™ transporters
responsible for extruding Ca™ from the cell, could con-
ceivably account for the smaller change in fractional #*Ca**
efflux in neonatal and fetal pancreas.

The smaller elevation in [Ca**]c in the neonatal pancreas
is apparently sufficient to induce a full secretory response.
In the fetal pancreas CCK binding is coupled to a rise in
[Cat*]c of the same magnitude as that in the neonatal
gland, but hormone binding does not result in increased
secretion. Analogous uncoupling of Ca** mobilization from
secretory response has been observed in a.rat mast cell line
undergoing mitosis (20), or treated with- metalloendopro-
tease inhibitors or Zn** (1). = -

A23187 induced a level of amylase discharge from neonatal
and adult pancreas that was substantially less than CCK-
stimulated secretion. To augment the magnitude of the secre-
tory response induced by A23187, we made use of the find-
ing that an increased cAMP level potentiates the effect of
elevated [Ca**]c in stimulating secretion (18, 19). Although
the mechanism underlying the synergistic effect of CAMP
and Ca** on protein secretion is not known, “Ca** efflux in
the presence of dbcAMP plus A23187 was;not greater than
that of the ionophore alone. These data suggest that dbcAMP
does not dramatically influence the A23187-stimulated in-
crease in [Ca**]c; however, experiments that directly mea-
sure the effect of Ca** ionophore and dbcAMP on [Ca**]c
are necessary to determine definitively the effect of cCAMP on
the cytosolic Ca** concentrations.

Our finding that amylase release from the fetal pancreas
was not stimulated by either dbcAMP or A23187 (Fig. 7 a)
stands in contrast to previously published reports from our
laboratory (10) and others (28, 55). Although we are uncer-
tain of the cause of these differences, the incubation condi-
tions used in the present study are different from those of the
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past. We believe that our present results are accurate since
direct comparisons of the basal and stimulated rates of secre-
tion were made on the same incubation. Furthermore, leak-
age of lactate dehydrogenase was monitored to exclude the
possibility that treatment of pancreatic lobules with dbcAMP
and A23187, or phorbol dibutyrate and A23187, increased cell
injury.

Although the fetal pancreas did not respond to stimulation
with an enhanced rate of secretion, it is nevertheless compe-
tent to discharge its secretory products constitutively (Figs.
1 and 5, references 10 and 55). Autoradiographic analysis in-
dicates that this basal secretion derives from zymogen gran-
ule stores (Arvan, P., and A. Chang, manuscript in prepara-
tion). Thus, it appears that the exocytotic machinery of the
fetal gland is functional, but stimulation is not coupled to a
secretory response. The onset of stimulus—secretion coup-
ling may involve maturation of one or more signal transduc-
tion events.

It has been suggested that some of the effects of Ca**
mobilization that occur during CCK stimulation in the pan-
creas are mediated by Ca**/calmodulin-dependent protein
kinases (40), as well as by C-kinase (34). We are currently
investigating the possibility that there is specific postnatal
amplification of the activity of one or more of these kinases
(17). In this regard, the observation that the rate of amylase
secretion from fetal pancreas was not increased in the pres-
ence of phorbol dibutyrate either alone or in combination
with A23187 or CCK (Fig. 8 a) is consistent with the hypoth-
esis that an activated C-kinase and increased [Ca**]c are
not sufficient to trigger a secretory response. It is our hope
that an understanding of the signal transduction event(s) in
the developing pancreas will increase our insight into the
mechanism by which the secretory response is regulated.
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