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In vitro stimulation of pancreatic enzyme discharge by
calcium
P LAYER, J HOTZ, L CHERIAN, AND H GOEBELL

From the Division of Gastroenterology, Department ofMedicine, University ofEssen, Federal Republic of
Germany

SUMMARY The mechanism for acute hypercalcaemia increasing pancreatic enzyme secretion is
unknown. To determine if raised extracellular calcium concentrations can directly stimulate
pancreatic enzyme output, we measured discharges of pulse labelled protein and chymotrypsin
from isolated cat pancreatic lobules in the presence of normal and raised calcium concentrations.
Incubation in 5-0 mmol/l calcium increased discharges of pulse labelled protein (four fold),
chymotrypsin (2.5 fold) and amylase (2.2 fold), compared with control experiments with 2-5
mmol/l calcium (p<0)OO1). This effect was similar to the maximal effect of carbachol or caerulein.
Compared with 5 0 mmol/l calcium, incubation at the higher calcium concentration of 10*0 mmol/l
induced similar discharges of chymotrypsin and amylase, whereas the increase in discharge of pulse
labelled protein was smaller (p<OO1). The effects of raised calcium were not altered by atropine.
Incubation in a high calcium medium did not impair pancreatic acinar response to subsequent
stimulation with carbachol, but incubation in hypothermia abolished the effects of high calcium
concentrations, suggesting that increased enzyme discharge is caused by stimulation of secretion
not to cell damage. These data are consistent with a direct stimulatory effect of raised extracellular
calcium concentrations on pancreatic acinar cell function.

Acute experimental hypercalcaemia is a potent
stimulus of pancreatic enzyme secretion in man and
cats.'" These findings may be of clinical relevance
because hypercalcaemic syndromes,56 in particular
acute hypercalcaemic crises," may be complicated
by pancreatitis. The mechanism whereby hyper-
calcaemia mediates stimulation of enzyme secretion
is unknown. In vivo studies in cats suggested that
indirect pathways such as cholinergic excitation or

release of stimulatory gastrointestinal hormones
induced by high serum calcium concentrations could
not fully explain the effects of hypercalcaemia on

pancreatic function.' Thus, cellular mechanisms
might also be involved.
The aim of the present study was to investigate

whether a rise in extracellular calcium concentrations
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can directly stimulate secretion of enzymes from the
pancreas. Utilising an in vitro model of isolated cat
pancreatic lobules, we determined the effects of
raised calcium concentrations in the incubation
medium on enzyme discharge, compared with the
effects of the secretagogues carbachol and caerulein.

Methods

PREPARATION OF CAT PANCREATIC LOBULES
Healthy cats of either sex were anaesthetised (intra-
peritoneal pentobarbital, 30 mg/kg body weight,
after an overnight fast of 16 h with free access to
water) and killed by aortic exsanguination. The
pancreas (3-4 g wet wt) was removed immediately
and submerged and rinsed thoroughly in ice cold
modified Krebs-Ringer buffer solution. The buffer
was altered by replacing bicarbonate with N-2-
hydroxyethyl-piperazine-2 ethane sulfonic acid
(HEPES) at 15 mmol/l and pH 7-4, and by addition of
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glucose at 14 mmol/l and Eagle's mixture of essential
and non-essential amino acids"' except leucine
(KRH-buffer). Pancreatic lobules (5-6 mg each)
were prepared essentially as described by Scheele
and Palade," adapted to feline pancreatic tissue.

PULSE LABELLING
Secretory proteins were radiolabelled using a modifi-
cation'2 of the original procedure described by
Jamieson and Palade. " Briefly, pancreatic lobules
were pulsed with L [4,5-'H] leucine (5 tCi/ml), the
flask being first kept on ice for 10 minutes, then
incubated at 37°C for 20 minutes under 100% 02
atmosphere. Lobules were then removed and washed
thoroughly with warm chase medium and then trans-
ferred to and incubated in one of the experimental
media described below.

INCUBATION AND SAMPLING
After pulse labelling, experiments were carried out in
KRH-buffer containing non-radioactive leucine
(0.34 mmol/l) and bovine serum albumine (600
mg/1)'2 with 20 lobules/flask (5 ml) at 37°C (unless
indicated otherwise) and under 100% 02 atmos-
phere. In experiments where the calcium concentra-
tion was increased, sodium chloride concentrations
were adjusted appropriately to maintain isotonicity.
Constancy of the medium pH of 7-4 was verified at
regular intervals. To assess acinar enzyme output
during the experiment, 2-5 ml aliquots of the medium
were removed at 0, 60, 120, and 180 minutes of
incubation for analyses and replaced by new
medium. From this 2-5 ml, after immediate measure-
ment of pH and ionised calcium concentration, 2-0 ml
were precipitated with 10% TCA for determination
of radiolabelled protein, and 0-5 ml were used for
chymotrypsin, amylase, and total calcium assays.
After the end of the experiments the pancreatic
lobules were washed and homogenised in 5 ml cold
distilled water. Of the homogenate, 1 ml was used for
chymotrypsin and amylase determinations and two
1 ml aliquots of the remainder were precipitated with
TCA.

EXPERIMENTAL INCUBATION MEDIA
In control experiments, experimental medium con-
tained calcium at 2-5 mmol/l (n=15 experiments),
and no secretagogues. An additional set of six control
experiments was carried out at a medium calcium
concentration of 1-25 mmol/l, because this reflects
the free calcium concentration in feline plasma
in vivo (own unpublished data). The effects of
carbachol (Sigma, Munich, FRG) and caerulein
(Montedison, Freiburg, FRG) were determined in
dose response studies at the control calcium concen-
tration of 2-5 mmol/l. The dose response of carbachol

was determined at concentrations of 5x 10 'NM
(n=8), 5x10 7 M (n=8) and 5xl0 M (n=8), and
that of caerulein at concentrations of 6-2x 10 " M
(n=8), 6-2x 10 "' M (n=8), and 6-2x 10 " M (n=8).
The effect of raised extracellular calcium concentra-
tions was studied at calcium concentrations of 5()
mmol/l (n= 16) - that is, a concentration observed
clinically in hypercalcaemic crisis and known to
stimulate pancreatic enzyme secretion in vivo, and
10-0 mmol/l (n= 10).
To determine whether the effect of high extra-

cellular calcium concentrations on enzyme discharge
could be mediated via release of acetylcholine from
cholinergic nerve terminals, we added atropine sul-
phate to the incubation medium in a further set of
experiments. The concentrations of atropine tested
were 10-9 M, 10 7M, and 10 5M, each at a calcium
concentration of either 2-5 or 5-0 mmol/l (n=6 each
group).
To assess if high calcium concentrations in the

medium cause irreversible acinar cell damage, acinar
secretory capacity was examined after incubation
with high calcium concentrations in additional
experiments: Lobules were first incubated at 370C in
high (5-0 mmol/l) calcium medium for 120 minutes,
then washed thoroughly and incubated in control
medium (calcium concentration: 2-5 mmol/l) for 60
minutes, and finally incubated in carbachol (5x 1(0 7

M) medium for another 60 minutes.
To determine if the calcium induced enzyme

discharge could be caused by unspecific leakage from
damaged acinar cells or is an energy dependent
process, lobules were incubated at l C with
carbachol (5x10-7 M; n=5) or calcium (5-0 mmol/l;
n=5) at their maximally effective concentrations, or
in control medium (with 2-5 mmol/l calcium and
without secretagogue).

STATISTICAL ANALYSES
Total calcium concentration in the incubation
medium was determined by a fluorimetric method
using back titration with ethylene glycol bis (beta-
aminoethylether)-tetraacetic acid (EGTA) on a
Corning 940 Titrator (Corning Ltd, Giessen, FRG). 13

lonised calcium concentration in the medium was
measured by a calcium selective ion exchange
electrode (Ion 83 Ion Meter, Radiometer, Copen-
hagen, Denmark. 14 " TCA- precipitable radioactivity
served as a measure of pulse-labelled - that is, newly
synthesised, protein.'6 After overnight precipitation
of samples from incubation media and homogenates
with 10% TCA, precipitates were washed twice with
5% TCA. The final pellet was dissolved in 1 ml 1 N
NaOH and transferred to scintillation counting vials
with 10 ml Unisolve (Koch-Light Laboratories,
Colnbrook, England), which forms a gel after
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addition of 3 ml distilled water. Radioactivity was
determined in a Packard liquid scintillation counter
and corrected for quenching and background.
Chymotrypsin and amylase served as a measure of
total (preformed and newly synthesised) enzyme.
Chymotrypsin activity was determined by using N-
benzoyl-L-tyrosine-ethyl-ester (BTEE) as a sub-
strate, after incubation with enterokinase (0.40
mg/ml; Hoechst, Frankfurt, FRG) in the presence of
50 mmol/l calcium for 60 minutes at 25°C,'7 and
amylase according to the method described by
Bernfeld." Discharges of radiolabelled protein,
chymotrypsin and amylase into the medium per hour
were corrected for the amounts removed by sampl-
ing, and expressed as per cent of total contents. Total
contents were calculated from the sum of cumulative
discharge into the medium and content of homo-
genates at end of incubation. Each individual experi-
ment was done in quadruplicate - that is, using four
identical incubates containing 20 lobules each. The
mean values among these incubates were calculated.
The numbers of experiments within each experi-
mental group are given above (Experimental
Incubation Media). Experimental groups were com-
pared by unpaired t-tests,'9 and data expressed as
mean values+standard deviation (SD).

Results

RESPONSE TO SECRETAGOGUES
In control experiments using incubate calcium con-
centrations of 2 5 or 1-25 mmol/l, mean total calcium

20- Pulse labelled protein Chymotrypsin

-o10.

.C 0 10-9 10-7 10-5 0 10- 9 10-7 10- 5
O 20.0 x 50M Carbachol

10.

F 10-11 10- 9 10- 7 0 10-11 10-9 10-7
x 6 2 M Coerulein

Fig.1 (a) Discharge ofpulse labelled protein (left panel)
and chymotrypsin (right panel) in response to graded
concentrations ofcarbachol at a calcium concentration of2 -5
mmolll. Data are expressed as the per cent oftotal content
discharged per hour during thefinal two hours ofincubation
(mean values±SD). (b) Discharge ofpulse labelled protein
(left panel) and chymotrypsin (right panel) in response to
graded concentrations ofcaerulein at a calcium
concentration of2.5 mmolIl. Data are expressed as theper
cent oftotal content discharged per hour during thefinal two
hours ofincubation (mean values+ SD).

concentrations in the samples were 1 26±0-01
mmol/l or 2 52±0-03 mmol/l, and mean ionised
calcium concentrations were 1-14±0 05 mmol/l or
2-42+0-10 mmol/l, respectively; both, total and
ionised calcium concentrations varied by <2%
throughout experiments. In these studies - that is, in
the absence of secretagogues and with 2-5 or 1 25
mmol/l of calcium in the incubation medium, dis-
charges of pulse labelled protein were 2 3+0 5%/h
or 2-4±088%/h, of chymotrypsin 4-0+1-0%/h or
4-2+1 2%/h, and of amylase 3-8+1 2%/h or
3-9+1-4%/h, respectively.

In the presence of carbachol, discharges of radio-
activity, chymotrypsin and amylase were increased
(p<0.001); the greatest responses were observed at a
carbachol concentration of 5x10 7 M (Fig. la).
Similarly, addition of caerulein to the incubation
medium increased radioactivity, chymotrypsin, and
amylase discharges into the medium (p<0001), with
similar effectiveness of 6-2x 10"' M and 6-2x 10-9 M
(Fig. Ib).

RESPONSE TO RAISED CALCIUM

CONCENTRATIONS
In the experiments with increased calcium concentra-
tions of 5-0 or 10-0 mmol/l, mean total calcium
concentrations were 5-07±0-08 mmol/l or 9-96±0-38
mmol/l, respectively, and mean ionised calcium
concentrations were 4-92±0-12 mmol/l or 0-72±0-16
mmol/l, respectively; both total and ionised calcium
concentrations remained virtually constant through-
out experiments, with variations of <3%. During
both raised calcium concentrations, discharges of
pulse labelled protein, chymotrypsin and amylase
were markedly increased, compared with control
experiments (p<0001). The greatest effect was
observed at a calcium concentration of 5-0 mmol/l,
when discharge of pulse labelled protein was four
times greater than in control experiments. Similar
changes occurred in chymotrypsin (Fig. 2) and
amylase discharges which increased 2-5 fold and 2-2
fold, respectively, in response to 5-0 mmol/l calcium.
These responses were similar to the maximal effects

Pulse label led protein
214-
*~12

10

ao-6

Chymotrypsin

Calcium (mmol/l)
Fig. 2 Discharge ofpulse labelled protein (left panel) and
chymotrypsin (right panel) in response to calcium
concentrations of 1 25, 2-5, 5-0, and 10-0 mmol/l. Data are
expressed as the per cent oftotal content dischargedper hour
during thefinal two hours ofincubation (mean values± SD).
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Fig. 3 Kinetics ofdischarge ofpulse labelled protein (left
panel) and ofchymotrypsin (rightpanel) in response to
raised extracellular calcium concentrations (5 0 mmolll;
solid triangles) compared with responses to carbachol
(5x 10-7M; solid circles) and caerulein (6-2 x 10-9M; open

circles), and with control experiments (calcium
concentration: 2 5 mmolll, no secretagogues; open
triangles).

of carbachol or caerulein (Fig. 3). At a calcium
concentration of 10-0 mmol/l there was no further
increase in chymotrypsin or amylase release, while
discharge of pulse labelled protein was significantly
smaller, compared with 5 mmol/l (p<0-001) (Fig. 2).

EFFECT OF ATROPINE

Incubation with 10-' M, 10-' M, or 10-5 M atropine
did not significantly influence discharge of protein or
enzyme, neither at control nor at raised calcium
concentrations. At a calcium concentration of 2-5
mmol/l, discharges of pulse labelled protein were

2-5+0-2, 2-5+0 3, or 2-4±0-2%/h, respectively,
while discharges of chymotrypsin were 4-6±0-2,
4 4+0 3, or 4 3+0 3%/h, respectively. At a raised
calcium concentration of 5 0 mmol/l in the presence
of the same concentrations of atropine, discharge of
pulse labelled protein was 10 0±0 7, 9-8±0 6 and
10-7+0-5%/h, respectively, and of chymotrypsin
13-2+1 2, 12 3+1 1, and 13-1+0 8%/h, respectively.

RESTIMULATION AFTER HIGH CALCIUM
INCUBATION
Incubation of pancreatic lobules at high calcium
concentrations (at 5.0 mmol/l) for two hours did not
alter their responsiveness to subsequent restimula-

tion with carbachol at 5x 10 7 M, compared with
controls without calcium preincubation: carbachol
increased discharge of radio labelled protein to
14 4±0 7%/h, compared with 13 4±+10%/h in con-
trols. Discharges of chymotrypsin were increased to
11*9±1*5%/h and 12-6+2-2%/h with and without
pre-exposure to high calcium, respectively.

EFFECT OF HYPOTHERMIA
When lobules were incubated at 1°C, presence of
either high calcium concentrations (5.0 mmol/l) or
carbachol (5-10-7 M) did not increase discharge of
chymotrypsin (28±+0 5%Yo/h and 3-2±0+6'%o/h,
respectively) compared with control lobules incu-
bated without carbachol and at 2-5 mmol/l calcium
(2-9±0-8%/h). Similarly, discharge of pulse labelled
protein was very low (0.6±0.1%/h in the presence
of high calcium, 0-7+0 2%/h in the presence of
carbachol, and 0-5+0 1%o/h in controls).

Discussion

Our findings show that discharge of digestive
enzymes and newly synthesised protein from feline
pancreatic tissue in vitro increases in the presence of
raised calcium concentrations in the bathing
medium. This increase reaches the magnitude of the
response to maximal stimulation with carbachol or
caerulein and is not inhibited by atropine. Further,
after exposure to high calcium concentrations, pan-
creatic responsiveness to subsequent secretagogue
stimulation is not impaired, and in hypothermia
incubation of pancreatic lobules in high calcium
medium does not result in increased enzyme dis-
charge. Thus, it is unlikely that the increased appear-
ance of pancreatic enzyme in the medium is because
of acinar cell damage caused by supraphysiologic
calcium concentrations. Rather it appears that rises
in extracellular calcium concentrations induce stimu-
lation of secretion. We observed that discharge of
newly synthesised protein was lower at 10 mmol/l
calcium compared with 5 mmol/l calcium, possibly
reflecting a supramaximal effect. On the other hand,
it is also conceivable that at excessive calcium
concentrations intracellular function as well as
morphology may be altered.2"' In a number of experi-
ments we have monitored ionised, in addition to
total, calcium concentrations in the incubation
medium to exclude that the presence of albumin,
amino acids and tissue in the incubate may have
grossly influenced the free, biologically relevant
medium calcium concentration. More than 95% of
the calcium were and remained ionised throughout
experiments, however.
The effect of a disturbed calcium homeostasis on

pancreatic function are of clinical interest because
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hypercalcaemia can cause pancreatic disease. This
interest prompted several earlier studies that have
shown a stimulatory effect of acute rises in serum
calcium concentrations on pancreatic enzyme
secretion in man.'-3 The mechanism by which hyper-
calcaemia increased enzyme secretion has not been
fully elucidated, however, as species differences
render it difficult to establish an appropriate animal
model in common laboratory species, such as dogs or
rats,2 22whereas feline pancreatic responses to hyper-
calcaemia are similar to those in man.49

Also data on potential neural or humoral media-
tion of the pancreatic responses to hypercalcaemia
are presently inconclusive. Hypercalcaemia induces
complex effects on release of several potential neural
(such as acetylcholine)23 and humoral (such as
cholecystokinin)9 stimulatory mediators. On the
other hand, the calcium induced increase in pan-
creatic secretion in vivo is not inhibited by atropine,
suggesting that cholinergic excitation is not a major
mechanism.9 Our present finding in vitro supports
this conclusion because atropine has no effect on the
response to high calcium concentrations. Other in
vivo experiments in the cat suggest that the calcium
induced increase in plasma cholecystokinin is not
likely the only responsible mechanism.9
Another potential mechanism of the effects of

hypercalcaemia is direct acinar stimulation by high
extracellular calcium levels - for example through
excitation of the cell membrane, or by enhanced
entry of calcium from the extracellular fluid into the
cytosol, similar to the mode of action of the calcium
ionophor A 23187. In previous studies using the
isolated perfused pancreas, conflicting results have
been reported: increased pancreatic enzyme outputs
in response to rises in calcium concentrations in the
perfusate were observed in two studies2425 but not in
others.2927 The results obtained in the present study
using isolated feline pancreatic lobules now suggest,
that high extracellular calcium concentrations induce
marked stimulation of enzyme discharge. This stimu-
lation is not prevented by atropine and therefore
probably not mediated by endogenous release of
acetylcholine from nerve terminals preserved within
the preparation. Involvement of other, non-
cholinergic mediatory mechanisms such as calcium
induced neural release of intrinsic peptidergic stimu-
latory neurotransmitters is not positively excluded by
our data, because a feline isolated acinar preparation
was not available to us at the time of the study. There
is indirect evidence, however, against a major role of
such a hypothetical neural mechanism; the strong
stimulation of enzyme secretion from the isolated
perfused cat pancreas in response to potassium
induced depolarisation of intrapancreatic nerves has
been shown to be completely prevented by atropine

but not by ganglionic blockade, and thus to be
exclusively mediated by intrinsic release of acetyl-
choline.2' Therefore it is unlikely that neural,
atropine resistant, non-cholinergic pathways are
responsible for the stimulatory effect of extracellular
calcium concentrations on pancreatic enzyme dis-
charge in vitro.
There are several similarities between pancreatic

secretory responses in vivo and in vitro to raised
calcium concentrations: the maximally effective
calcium concentrations in vitro are in the same range
as the maximally effective serum calcium concentra-
tions in vivo;9 the maximal calcium induced stimula-
tion of enzymes are of a magnitude comparable with
maximal stimulation by hormonal and cholinergic
secretagogues;929 II finally, the response to subse-
quent secretagogue stimulation is not altered by
preceding exposure to high calcium concentrations.4
In conclusion, the available data are consistent with
intrinsic stimulation of pancreatic secretion by
hypercalcaemia.

Supported by Deutsche Forschungsgemeinschaft,
grants HO 500/4-6 and LA 483/2-1.
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