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The caffeine-sensitive Ca2* store in bovine adrenal chromaffin cells; an
examination of its role in triggering secretion and Ca2™ homeostasis

Timothy R. Cheek!, Antony J. O’Sullivan®>*, Roger B. Moreton!, Michael J. Berridge! and
Robert D. Burgoyne?

LAFRC Laboratory of Molecular Signalling, Department of Zoology, University of Cambridge, Downing Street, Cambridge CB2 3EJ
and 2Department of Physiology, University of Liverpool, Brownlow Hill, PO Box 147, Liverpool L69 3BX, UK

Received 19 April 1990

The effect of caffeine on catecholamine secretion and intracellular free Ca2* concentration ([Ca?*]) in bovine adrenal chromaffin cells was examined

using single fura-2-loaded cells and cell populations. In cell populations caffeine elicited a large (~ 200 nM) transient rise in [Ca?*}; that was indepen-

dent of external Ca2*. This rise in [Ca?*]; triggered little secretion. Single cell measurements of [Ca2*]; showed that most cells responded with a

large (> 200 nM) rise in [Ca?*}, whereas a minority failed to respond. The latter, whose caffeine-sensitive store was empty, buffered a Ca?* load

induced by a depolarizing stimulus more effectively than those whose store was full. The caffeine-sensitive store in bovine chromaffin cells may
be involved in Ca?* homeostasis rather than in triggering exocytosis.
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1. INTRODUCTION

Bovine adrenal chromaffin cells  secrete
catecholamine in response to the rise in cytosolic
calcium concentration ([Ca?*];) that results from Ca*
influx induced by depolarizing stimuli such as nicotine
or high K* [1]. Both of these stimuli lead to Ca®* ac-
tivation of the subplasmalemmal exocytotic sites [2,3].
In contrast, the InsP3;-mobilizing agonist angiotensin II
results in either no secretion or a polarized secretory
response as the InsPj3-sensitive store [3,5] and the in-
tracellular Ca®* signal [4] are spatially restricted. We
have previously shown that, in addition to the
InsPs-sensitive store, these cells also possess a caffeine-
sensitive Ca®* store that is diffusely distributed
throughout the cell [5]. Caffeine-sensitive Ca** stores
have also been identified in smooth muscle cells [6,7],
sympathetic [8,9] and sensory [10} neurons, pancreatic
acinar cells [17] and rat chromaffin cells [11]. The role
that InsPs-insensitive stores play in Ca** signalling in
cells is unknown but is the subject of intense specula-
tion (e.g. [8—17]).

We have used video-imaging techniques in single
fura-2 loaded cells to investigate some characteristics of
the Ca* signal induced by caffeine in bovine chromaf-
fin cells. The results show that the caffeine store is able
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to participate in buffering a Ca®* load induced by a
depolarizing stimulus, and that the rise in [Ca®*);
elicited by caffeine occurs evenly throughout these cells
and is relatively ineffective at triggering secretion. The
caffeine-sensitive store may therefore be involved in in-
tracellular Ca®* homeostasis, rather than directly in
triggering exocytosis from these cells.

2. MATERIALS AND METHODS

Chromaffin cells were isolated from bovine adrenal medullas by
enzymatic digestion using either the method of Knight & Baker [18}
or a modification [19] of the method of Greenberg & Zinder [20].
Cells were isolated in Ca?*-free Krebs-Ringer buffer consisting of
145 mM NaCl, 5mM KCl, 1.3 mM MgCl;, 1.2 mM NaH,PO,,
10 mM glucose, 20 mM Hepes pH 7.4 (buffer A) and then washed in
buffer A. Chromaffin cells were purified by differential plating [21].
Non-adherent chromaffin cells were then plated in 24 well trays at a
density of 1.0 x 10° cells per well in culture medium (Dulbecco’s
modified Eagles medium with 25 mM Hepes, 10% foetal calf serum,
8 um fluorodeoxyuridine, 50 xzg/ml gentamycin, 10 M cytosine
arabinoside, 2.5 ug/ml fungizone, 25 U/ml penicillin, 25 zg/ml
streptomycin) for 2—4 days.

The determination of catecholamine secretion was carried out on
cultured cells at 37°C as described [2,22]. Determination of cytosolic
free Ca®* in cell populations was performed at 22°C using fura-2 as
previously described [2,22]). The drop in fluorescence immediately
following addition of EGTA (Fig. 1a trace 2) resulted from a
decrease in the signal from external fura-2 rather than from [Ca®*];
[22,24].

Imaging of intracellular Ca®* in single cells was carried out as
described in detail elsewhere {3,4]. After differential plating, cells
were resuspended in fresh DMEM and seeded onto 22 mm diameter
glass coverslips at a density of 1 x 10° cells/ml. After 1-2 days in
zulture the cells were washed in Ca?*-containing Krebs and loaded
with 1 or 2 4M fura-2 acetoxymethylester for 30 min at room
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temperature. The cells were washed once in Ca’*-containing Krebs
and imaged after equilibration to 37°C for 3 min. Experiments were
carried out at 37°C with continual perfusion of Ca®*-containing
Krebs buffer. Stimuli were applied to cells via a U-tube positioned to
within 2 mm of the cell. Using this method the cells were challenged
with the stimulus within 1 s of the onset of application. Fluorescent
images were obtained by alternate excitation at 340 nm or 380 nm
(40 ms each wavelength) using an image-processing system (Imagine,
Synoptics Ltd, Cambridge, UK) interfaced to a DEC microvax II
microcomputer. The ratio image was obtained at video rate and
filtered with a time constant of 200 ms. Determination of [Ca®*]; was
as described by equation 5 of Grynkiewicz et al. [25]. Three dimen-
sional plots were generated by Imagine from the ratio image and
depict either the resting distribution of [Ca?*); or the distribution and
qualitative rise in [Ca?*]; elicited by caffeine.

3. RESULTS AND DISCUSSION

Caffeine was able to elicit a dose-dependent rise in
[Ca®*]; as monitored in a population of fura-2 loaded
chromaffin cells. Fig. 1a shows that challenging the
cells with 10 mM caffeine resulted in an immediate in-
crease in [Ca?*); to about 220 nM above basal both in
the presence (trace 1) and absence (trace 2) of external
Ca’*. Both responses were transient over ~90 s.
Because population measurements have been shown to
mask the changes in [Ca?*]; that occur at the single cell
level [2], the changes in [Ca®*]; that occurred in single
fura-2 loaded cells exposed to caffeine were monitored.
Fig. 1b shows the [Ca®*]; changes in 13 single cells
challenged either in the presence (traces 1—6) or absence
(traces 7—13) of external Ca®*. The caffeine response
displayed considerable heterogeneity which was in-
dependent of the presence or absence of external Ca®*.
Some cells showed a large (>500 nM) Ca®* transient
(e.g. traces 1, 2, 7, 8), whereas other cells showed either
a smaller (traces 3, 5, 6, 9, 12, 13) or indeed no rise in
[Ca®*); (traces 4, 10, 11). It is likely that this
heterogeneity reflects the varying degrees to which the
caffeine stores are loaded with Ca®* at the time of the
challenge. A similar result was observed in response to
muscarinic receptor activation of these cells [2], where
it was also found that, in those cells that responded
strongly, the Ca?* signal was restricted to one pole of
the cell. In response to caffeine (in the absence of exter-
nal Ca®*), however, no such restriction of the Ca**
signal was observed (Fig. 2). The three-dimensional
plots clearly show that the rise in [Ca**]; was initiated
throughout the cell and that, at the peak of the
response, the Ca%* was uniformly distributed. This is
consistent with the notion that the caffeine-sensitive
store is itself diffusely distributed throughout these
cells [5].

The Ca?* response to caffeine is monophasic
(Fig. 1b, traces 1-6). That is, it does not result in the
phase of sustained Ca®* entry that is seen following
Ca?* mobilization by InsP3;-mobilizing stimuli in these
[3,4,24,26] and other (e.g. [27,28]) cell types. It has
recently been shown that release of internal Ca®* from
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the InsPj-sensitive store is not the stimulus that causes
Ca®* entry into the cytosol of these cells [26]. The pre-
sent result shows that release of Ca®* from the caffeine-
sensitive store is also unable to automatically trigger
Ca?* entry.

The caffeine-sensitive store may function to
modulate the Ca?* signal induced by the depolarizing
agonist nicotine (Fig. 3). A field, consisting of three
cells, was sequentially exposed to 0.3 mM
methacholine, 10 mM caffeine and then 10xM
nicotine. No cell responded with a rise in [Ca®*]; to the
muscarinic agonist, consistent with our previous results
which showed some chromaffin cells to be unrespon-
sive to muscarinic stimuli [2]. In response to caffeine
only cells 1 and 2 responded with a Ca®* transient.
Upon removal of caffeine the store refills rapidly, as a
subsequent application of caffeine applied within 20 s
triggers another rise in [Ca®*]; (data not shown). It ap-
pears therefore that only in cell 3 were both the InsP3-
and caffeine-sensitive stores empty prior to the cells be-
ing depolarized with nicotine. Following a 10s
nicotinic stimulation, cell 3 was able to buffer the Ca®*
load more quickly than cells 1 and 2 (Fig. 3). In cell 3,
the rise in [Ca®*]; had returned to resting levels by 80 s,
whereas [Ca®*]; was still considerably elevated at this
time in cells 1 and 2. Cell 3 may have been able to se-
quester cytosolic Ca®* relatively quickly because its
Ca?* stores were empty, whereas the caffeine-sensitive
stores in cells 1 and 2 were full. Alternatively, a
Ca?*-induced Ca?* release mechanism similar to that
seen after depolarization of sympathetic neurons [9],
may have resulted in the Ca®* entry induced by nicotine
promoting release of the internally stored Ca®* in cells
1 and 2, thereby prolonging the Ca®* signal in those
cells. Clearly, the Ca?* signal induced by depolarizing
stimuli can be considerably influenced by the state of
the internal pools.

In view of the fact that concentrations of depolariz-
ing stimuli that elevate [Ca®*]; in cell populations to
~200 nM above basal trigger secretion of around 20%
of total cellular catecholamine from these -cells
[2,22,24], the ability of caffeine to elicit a secretory
response was tested. Fig. 4 shows the effect on
catecholamine secretion of a dose of caffeine which
elevates [Ca®*); to this same level (see Fig. 1a). Caf-
feine is a relatively weak secretagogue, triggering the
release of only 0.5-1.0% of total cellular
catecholamine. Fig. 4 also shows the effect of external
Ca?* and Mg?* on caffeine-induced secretion. Release
was at least partially independent of external Ca**, and
was not significantly increased in the absence of exter-
nal Mg?*, as has been reported for cat chromaffin cells
[29]. It is unlikely that the weak secretion due to caf-
feine is caused by elevated cAMP inhibiting the
response because forskolin, cholera toxin and
8-brcAMP were all without effect on the K*-induced
rise in [Ca?*]; and secretory response in these cells [30].
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Fig. 1. Time courses of changes in [Ca**]; in chromaffin cells in response to caffeine. (a) Changes in [Ca®*}; in populations of fura-2 loaded cells

in response to 10 mM caffeine (caf) either in the presence of 3 mM external Ca* (trace 1) or in medium made essentially free of Ca2* by addition

of 4 mM EGTA (trace 2). (b) Changes in [Ca®*]; in 13 single cells in response to 10 mM caffeine (caf) either in the presence of 3 mM external
Ca’* (traces 1-6) or in the presence of nominally Ca?*-free medium containing 1 mM EGTA (traces 7-13).

Although it has been known for over 20 years that a
rise in [Ca®*]; is a necessary prerequisite for secretion
from bovine chromaffin cells, recent results from us
[2,4] and others [31,32] have demonstrated that, in in-

tact cells responding to physiological agonists, a large
(>200 nM) rise in [Ca®*]; does not necessarily trigger a
full secretory response. Depolarizing stimuli, which
elevate [Ca®*]; by inducing Ca®* influx, are potent
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Fig. 2. Time course and spatial localization of changes in [Ca?*); in a single chromaffin cell in response to caffeine. The time course shows the
response of a cell to 10 mM caffeine (caf) in nominally Ca?*-free medium containing | mM EGTA. The three-dimensional plots show the

subcellular localization of [Ca

secretagogues, whereas stimuli which release internally
stored Ca’* via mobilization of InsP; are weak
secretagogues. The finding that caffeine can elicit a
large rise in [Ca®*]; in cells by releasing internally
stored Ca®*, but is only a weak secretagogue, is consis-
tent with these results. It is also a further indication
that Ca?* sources can be functionally different in cells.
In the bovine chromaffin cell, it appears that secretion
requires external Ca®*, whereas release of internal Ca?*
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Fig. 3. Time courses of changes in [Ca?*); in chromaffin cells in

response to methacholine, caffeine and nicotine. Data shown are

from three cells in the same microscope field that were sequentially

challenged with 0.3 mM methacholine (meth), 10 mM caffeine (caf)

and then 10 4M nicotine (nic). The medium contained 3 mM external

Ca®*. Cell 3, whose InsP;- and caffeine-sensitive stores were empty,

was able to buiffer a nicotine-induced Ca** load more effectively than
cells 1 and 2 (see text).
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2*]; at the times indicated.
may be important for triggering alternative functions
such as hormone biosynthesis or Ca?*-dependent
events within the nucleus [2,5,31].

Caffeine-sensitive stores that are InsP;-insensitive
have also been reported in smooth muscle cells [6,7],

1-01 ;
S
2 L
a
g
=}
o
©
3 L
8
3
E 054 F'L
£
£
k|
Q
£
[*]
o
®
(8]
®

0

+ + - - ca?t
+ - + - Mmg?t

Fig. 4. The effect of external Ca®>* and Mg?* on caffeine-induced
catecholamine secretion. Cells were challenged with 10 mM caffeine
in the presence of 3 mM Ca?* or | mM EGTA (with no added Ca**),
in the presence or absence of 1.3 mM Mg?*. Catecholamine released
above basal over a 10 min period was measured and is expressed as
a percentage of the total catecholamine in the cell. Data are mean
SE (n = 6) of a typical experiment. By comparison, stimulation with
nicotine over a similar period would have released ~20% of total
cellular catecholamine (see text and {24)).
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sensory neurons [10] and rat chromaffin cells [11]. The
physiological role of these stores in Ca?* signalling is
unknown, but the existence of two internal Ca®* stores
has been invoked in models for the mechanism of Ca®*
oscillations  [15,16,33] seen in response to
InsP;3;-mobilizing agonists [34]. Whether physiological
agonists are capable of releasing Ca®>* from the
caffeine-sensitive store in bovine chromaffin cells or
whether the role of the store is purely to help the cell
buffer an agonist-induced Ca®* load is currently under
investigation.
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