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The changes in cytosolic free calcium concentration ({Ca?*];) were monitored (fura-2) in single, isolated, mouse pancreatic

acinar cells stimulated by acetylcholine (ACh). Responses to ACh at concentrations between 1077 and 5x 1077 M are

marked by the appearance of regular, sinusoidal, oscillations in [Ca?*];. At 37°C the oscillations are transient, being seen

only in the initial rising phase of the calcium signal. At 30°C regular oscillations can be maintained throughout the period

of ACh application. This study reports that release of intracellular calcium and influx of extracellular calcium are both
involved in the generation of these oscillatory calcium signals.

cytosolic Ca?*; Fura-2; Acetylcholine; Oscillation; (Pancreas, Acinar cell)

1. INTRODUCTION

Experimental evidence has long suggested that in
pancreatic exocrine acinar cells calcium has a key
role to play in the coupling of cholinergic,
muscarinic, receptors to secretory mechanisms (see
[1]). Recent studies using the calcium-sensitive
fluorescent probe, quin-2, have now directly
demonstrated the elevation in cytosolic free
calcium concentration ([Ca®*);) evoked in suspen-
sions of acinar cells upon stimulation by the
neurotransmitter, acetylcholine (ACh) [2,3].
Patch-clamp electrophysiological recordings have
unequivocally confirmed the second messenger
role of calcium in activating the ion transports
which support electrolyte secretion in pancreatic
and other exocrine acinar cells (see [4]). The cur-
rent hypothesis is that muscarinic receptor regula-
tion of secretion in exocrine acinar cells is
secondary to the receptor regulation of (i) release
of calcium from intracellular stores and (ii) influx
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of calcium across the plasma membrane via a
voltage-independent pathway [4,5].

Here, the improved calcium probe, fura-2 [6], is
employed to investigate the time course and
amplitude of the calcium signal induced, not in
suspension of cells but in single, enzymatically,
isolated mouse pancreatic acinar cells stimulated
by ACh. The study reveals that when ACh is ap-
plied at submaximal concentrations (1077'-5 X
1077 M) it can give rise to oscillations of [Ca?*); of
regular periodicity and large amplitude. We in-
vestigate the respective roles of calcium release and
calcium influx in the generation of the oscillatory
changes in [Ca®*);.

2. MATERIALS AND METHODS

Pancreata were excised from adult male mice and acinar cells
enzymatically isolated by collagenase digestion [7]. After
dispersion and washing the cells were resuspended in a standard
extracellular solution of the following composition (mM):
NaCl, 140; KCl, 4.7; MgCl,, 1.13; CaCl,, 1.2; glucose, 10;
Hepes, 10; supplemented with 0.2% foetal calf serum. Cells
were loaded with fluorescent indicator by 30 min incubation in
the control solution containing 1 xM fura-2 acetoxymethyl ester
at 22°C. At the end of this incubation the cells were removed
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and transferred to a chamber (volume 0.15 ml) mounted on the
stage of a Nikon Diaphot microscope. The cells were con-
tinuously superfused (0.5 ml/min) in a stream of media issuing
from any one of four inlet tubes converging into the chamber.
A system of taps just outside the chamber allowed the media
flowing over the cells to be changed within 5 s. The calcium-free
solutions had no calcium but 1 mM EGTA added. The
temperature of the solutions was, as indicated in the text, either
37 or 30°C.

[Ca’?*); was measured in single cells by dual-excitation
microfluorimetry [6]. A Spex (Glen Spectra) DM 3000 CM
system provided alternating excitation wavelengths of 340 and

AT

380 mum 4t nat'tess tnan U iz, Twarescence eniitied 4t W am
was monitored by photon counting from single cells, isolated
optically by means of a diaphragm. {Ca?*}; was calcufated from
the ratio (R) of the fluorescence at the two different
wavelengths according o the previously reponted formuda {83
[Ca®*Ti = KaB(R — Rmin)/(Rmax — R)

where Kgq = 225 nM {6}, Rmax, Rmin and & are constanis; 8.01 +
0.37 (n = 16), 0.34 £ 0.05 (n = 9) and 3.83 + 0.4 (n = 6), respec-
tively. Tuese conscants were determined using tne m Sicu
calibration procedures of Schlegel et al. {8,9]. All records were
COTTEUTRE FU1 HUUTTUUASSESIRA . AR, WANCHE L CRRSTHIRT
in unloaded cells) before ratio and [Ca?*]; were calculated.

3. RESULTS

When the single pancreatic acinar cells, at 37°C,
are stimulated by ACh at concentrations between
107%and 1073 M, the time course and amplitude of
the changes in [Ca®*]; are similar to those previous-
ly described in the studies on cell suspensions, i.e.
biphasic responses (see fig.1A) [2,3]. In the present
study, ACh a1 107° M caused a characieristic rapid
rise in [Ca?*); from an average basal level of 131
+ 6.8 nM (n = 22) to a maximum of 834 + 77 nM
(n = ¥ within she firas minute of agonist appliea-
tion. Thereafter tae [C2 Y declimes over e Text
2—3 min to a lower, but still elevated, sustained
level of 264 + 90nM (n = 5). [Ca’*); is only
restored to prestimulus levels when ACh is re-
moved ar ateagine intraduced. Whea lower con-
centrations of ACh are employed the changes in
[C& are Tore COmpies. &0 JOmeeiraions e
tweeen YU ¢ and S % Y77 M Yhe TESPLDBES A0 Uhin
agoms: are haracienzed by D very Hong iienties
(offten more than 6L 5} vefore any pronounced or
rapid change in [Ca®*]; is induced, (ii) at the onset
of the rapid rise in [Ca®*]; sinusoidal oscillations in
[Ca**]; are seen superimposed on the rising
calcium signal (fig.[B). The osciliations in {Ca**T;
have a regular periodicity always between 0.18 and
0.2 Mz (w = 7). The ostlitaiony U mor persist aimd
between 30 and 150 s after the onset of the
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Fig.1. Changes in [Ca*]; in two pancreatic acinar cells upon

stimulation by acetylcholine (ACh). The cells are superfused at
37°C. (A) ACh is applied at 107> M. The change in [Ca®*}; is
characteristic of the effect of ACh at concentrations between
107% and 107° M at either 37 or 30°C. The response is biphasic.
There is an initial rapid rise in [Ca®*]i to a maximum after
which it declines to a lower but still elevated level which is
sustained throughout the period of ACh application or until the
muscarinic agonist atropine is applied. (B) Characteristic
response of a single pancreatic acinar cell to lower
concentrations of ACh (5 x 1077 M in this instance). There is
aYong Jatency before any marked changes in {Ca’ " ); are evoked.,
The initial phase of the response is marked by sinusoidal
oscillations in [Ca%*];.

TRPUTBT iy Gehime W wpifrade it & more
stable, sustained [Ca2*]; is established. The tran-
sient nature of the oscillations in [Ca**]; makes any
detailed investigation of the phenomenon difficult.
It was found however, that cells superfused at the
lower temperature of 30°C responded to low con-
sambrationy &F AT r Srareiie sut gemeraily Sose o
977 T Wit ostihEdons I 5TETY; Thu persis
fhiovghowt the peiiod ©f apphtaon of ihe
agomist. At migher concentrations oY between Yo
and 1073 M ACh the responses to this agonist even
at 30°C were identical to those described at 37°C
and shown in fig.1A, i.e. biphasic. Fig.2 shows an
exampie of the osciiiations in [Ca**1; induced in a
single cell at 30°C by application of 1.2 x 10~" and
2 x 2 BF AT Tire perivdivivy o e oscitha-
tions at 30°C in this and in all cells was between
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0.08 and 0.1 Hz (n = 24). The frequency of the
oscillations was not dependent on the concentra-
tion of ACh employed. Fig.2 shows the effect of
increasing [ACh] on the calcium signal. Within a
narrow range the effect of increasing agonist con-
centration is to convert the response from one of
sustained, regular, sinusoidal oscillations in
[Ca®*); to one in which oscillations are seen only in
the initial phase, superimposed on a rising calcium
signal, and decreasing in amplitude, i.e. similar to
responses at 37°C. Fig.3 shows the effect of
removal of extracellular calcium from a cell in
which ACh has induced regular, sustained oscilla-
tions. Upon withdrawal of extracellular calcium
the oscillating calcium signals are abolished and
[Ca**); returns to prestimulus levels (7 = 5).
Oscillations are restored with the reintroduction of
extracellular calcium.
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In another series of experiments extracellular
calcium was removed prior to stimulation with
ACh. The calcium signal evoked by ACh is again
dependent on the concentration of agonist
employed. At 107107 M the response (not
shown) at 30°C is as described for cell suspensions
[2,3], i.e. a single transient calcium signal lasting
several minutes. At the lower concentrations of
agonist the responses, as in the calcium-containing
solutions, are marked by the appearance of ir-
regular transients or oscillations in [Ca®*];. Fig.4
illustrates the different patterns of response ob-
tained in calcium-free media. At the lowest effec-
tive concentration ACh induces either irregular,
transient elevations in [Ca®*]; (fig.4A) or regular
sinusoidal oscillations which, in the absence of ex-
tracellular calcium, are seen to decrease in
amplitude until a point is reached at which [Ca?*};

-7 -7
ACh 1.8 x 10 M

Fig.2. Single pancreatic acinar cell superfused at 30°C. Responses are shown to ACh at three different concentrations within a narrow

range.
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Fig.3. [Ca®*}; measured in single pancreatic acinar cell superfused at 30°C. ACh (10~7 M) has induced oscillatory changes in [Ca®*];.
As indicated extracellular calcium is removed and then restored.
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Fig.4. The traces (A~C) are from three different pancreatic acinar cells, superfused at 30°C, and show the different patterns of
response ([Ca2*];) when ACh is applied at low concentrations after extracellular calcium has been removed. The upper trace (A) also
shows the effect upon reintroduction of extracellular calcium.

rapidly returns to prestimulus levels despite the
continued presence of ACh. The effect of increas-
ing ACh within a narrow dose range is to change
progressively the response towards that evoked by
the high concentrations of agonist.

4. DISCUSSION

The study clearly demonstrates an ability of
ACh to induce oscillations of [Ca**]; in single pan-
creatic acinar cells. These agonist-induced oscilla-
tions of [Ca®*]; in the pancreatic acinar cells do not
however mimic those reported in rat hepatocytes
[10]. In the liver cells the oscillations in [Ca®*]; are
due to a series of calcium spikes separated in time
and with a frequency dependent on the concentra-

tion of agonist applied. It is not at all clear then if
the calcium transients in different cells will reflect
any common process. In pancreatic acinar cells
however, the oscillations can be initiated in
calcium-free solutions but they are only sustained
in the presence of extracellular calcium. The
oscillating calcium signals thus involve both the
release of calcium from intracellular stores and, in
the later stages at least, calcium influx from the ex-
tracellular to intracellular fluid. These complex
responses suggest not only that there are potent
feedback mechanisms regulating [Ca®*]; but also
that there is some functional interaction between
calcium release and calcium influx. It has been sug-
gested, for exocrine acinar cells, that this link
could be a physical one between calcium stores and
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the plasma membrane and that influx is achieved
via refilling of depleted intracellular stores [11].
This would not in itself however, explain the
oscillations in the calcium signal. Another link
could be provided if the regulators of calcium
release and of calcium influx were metabolically
linked or associated. Inositol polyphosphates may
provide such a link. Muscarinic receptor activation
is associated with the generation of the inosi-
tol polyphosphates, inositol 1,4,5-trisphosphate
[Ins(1,4,5)P3;] and inositol 1,3,4,5-tetrakisphos-
phate [Ins(1,3,4,5)P4] in pancreatic acinar cells
[12]. The role of Ins(1,4,5)P; in mobilizing intra-
cellular calcium is now unequivocally established
in a wide variety of tissues (see [13]). It is even
reported that Ins(1,4,5)P; can give rise to oscilla-
tions in membrane conductance in lacrimal ex-
ocrine acinar cells [14]. Recently, a separate study
on lacrimal acinar cells has provided strong
evidence of a role for Ins(1,4,5)P;, but only by ac-
ting in combination with Ins(1,3,4,5)P4, in the
regulation of calcium influx [15]. Ins(1,3,4,5)P4 is
produced when the calcium-sensitive Ins(1,4,5)P;-
3-kinase is activated to phosphorylate Ins(1,4,5)P3,
i.e. Ins(1,4,5)P; is the substrate for Ins(1,3,4,5)P4
production [16,17]. The marked effects of tem-
perature on the oscillations of [Ca*]; in the pan-
creatic acinar cells would be consistent with some
rate-limiting enzymatic step being involved. It is
possible at the low concentrations of ACh at which
oscillations are observed that it takes time, hence
the long latencies, for Ins(1,4,5)P; to reach a
critical concentration required before calcium is
released (see [18]). If the calcium released then
stimulated the activity of the Ins(1,4,5)P3-3-kinase
then Ins(1,3,4,5)P, would be formed and at the
same time Ins(1,4,5)P; would decrease resulting in
cessation of calcium release. If Ins(1,3,4,5)P4 ef-
fected refilling of the intracellular pool (see [5])
while fresh Ins(1,4,5)Ps was being generated then
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the cycle would continue without depletion of in-
tracellular calcium reserves but would be de-
pendent on the presence of extracellular calcium.
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