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Caffeine releases a glucose-primed endoplasmic reticulum Ca** pool in
the insulin secreting cell line INS-1
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Abstract Caffeine mobilized an intracellular Ca2™ pool in
intact fura-2-loaded INS-1 cells in suspension exposed to high
(16 mM) [glucose], while a minor effect was observed with low (2
mM) [glucose]. Cells were kept in a medium containing diaxozide
or no Ca%" to prevent the influx of extracellular Ca%*. The
caffeine-sensitive intracellular Ca2* pool was within the en-
doplasmic reticulum since it was depleted by the inhibitor of the
reticular Ca2* pumps thapsigargin and the InsP;-dependent
agonist carbachol. No effect of caffeine was observed in the
parent glucose-insensitive RINmF5 cells. In microsomes from
INS-1 but not RINmFS5 cells, the type 2 ryanodine receptor was
present as revealed by Western blotting. It was concluded that
the endoplasmic reticulum of INS-1 cells possesses caffeine-
sensitive type 2 ryanodine receptors Ca2* channels.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

A key event in the insulin secretion process is the elevation
of cytosolic free Ca?* concentration ([Ca>*];). In insulin se-
creting cells two major mechanisms underlie (oscillatory) in-
creases in [Ca®*];, i.e. extracellular Ca®" inflow through volt-
age-operated channels and mobilization of Ca’* ions stored in
the endoplasmic reticulum (ER) [1,2]. Increased glucose fuel-
ing ultimately results in the elevation of the cell ATP/ADP
ratio which causes plasma membrane depolarization, and in
turn activation of voltage-operated Ca?* channels [3]. Mobil-
ization of intracellular ER Ca®* stores can result from the
opening of ER Ca?" channels, such as the InsP3 receptors
and the ryanodine receptors Ca’*-sensitive channels (RyRs)
[4]. While it is well assessed that InsP3-induced mobilization
of Ca®* is operative in insulin secreting cells [5], the presence
and the role of RyRs in B-cells and insulin secreting cell lines
remains controversial ([5,6] and references therein). Early sug-
gestions that B-cells might possess RyRs arose from the fact
that caffeine, the classic pharmacological agonist of RyRs,
causes the increase in [Ca®']; [7,8]. Caffeine, however, was
subsequently shown to be capable of elevating [Ca®*]; inde-
pendently of ER Ca’* mobilization, i.e. by depolarizing B-
cells and hence activating the Ca?* inflow through voltage
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Abbreviations: [Ca**];, cytosolic free Ca?* concentration; ER, en-
doplasmic reticulum; RyR(s), ryanodine receptor; fura-2, 1-[2-
(5-carboxyoxazol-2-yl)-6-aminobenzofuran-5-oxy]-2-(2’-amino-5'-
methylphenoxy)-ethane-N,N,N’,N'-tetraacetic acid

operated channels [9]. Other studies (reviewed in [5]) showed
that the putative physiological agonist of (type 2) RyR cyclic
ADP ribose can or cannot mobilize ER Ca* in insulin secret-
ing cells. Two recent reports on single B-cells from ob/ob mice
also gave controversial results. Islam et al. [10] showed that
caffeine can release ER Ca?*, which was evident upon stim-
ulation of cAMP-dependent phosphorylation. On the other
hand, Tengholm et al. [11] observed no decrease in ER
Ca?* levels, i.e. no ER Ca?" mobilization upon caffeine or
ryanodine treatment of digitonin-permeabilized single B-cells.

Here we have characterized a caffeine-releasable ER Ca?*
pool in the glucose-sensitive INS-1 cells in suspension. This
pool was evident in INS-1 cells maintained in the presence of
stimulatory concentrations of glucose, and virtually absent in
the glucose-insensitive parent line RINmFS5. The caffeine ef-
fect was found to be associated with an evident type 2 RyR
expression in the INS-1 line, whilst little expression of RyRs
was found in RINmFS cells.

2. Materials and methods

2.1. Materials

Carbachol, thapsigargin, diazoxide, dibutyryl cyclic AMP and caf-
feine were obtained from Sigma (St. Louis, MO, USA). Fura-2 acet-
oxymethyl ester was from Molecular Probes (Eugene, OR, USA). All
other chemicals were of analytical grade.

2.2. Cells

INS-1 cells, between passages 35 and 80, were grown in monolayer
culture [12] in RPMI 1640 medium containing 11 mM glucose sup-
plemented with 10% heat-inactivated fetal calf serum, 10 mM HEPES,
2 mM r-glutamine, | mM sodium pyruvate, 50 uM mercaptoethanol,
100 IU/ml penicillin, and 100 pg/ml streptomycin in a humidified
atmosphere (5% COq, 95% air), until they reached approximately
80% confluence (6-7 days). Subsequently, the cells were washed twice
with PBS (phosphate buffered saline) at 37°C and cultured for an
additional 24-36 h in the culture medium as above but containing
4 mM glucose. RINmF5 cells were cultured as above except that
mercaptoethanol and sodium pyruvate were omitted from the me-
dium. Cells were detached by incubating in PBS containing 0.0125%
trypsin and 0.2 mM EGTA for 3 min at 37°C, washed twice with cold
RPMI 1640 medium supplemented with 10% heat-inactivated fetal
calf serum, and resuspended (approximately 2.5x10° cells/ml) in
Krebs medium (136 mM NaCl, 3.6 mM KCI, 0.5 mM MgCl,,
1.5 mM CaCly, 1| mM KH,PO,, 5 mM NaHCO;3; 10 mM HEPES,
pH 7.4) containing 16 or 2 mM glucose, as indicated in the individual
experiments.

The glucose sensitivity of INS-1 cells was assessed with stimulating
glucose concentrations which resulted in biphasic changes in [Ca’"];
and this effect could be reverted by diazoxide [12]. Accordingly, high
glucose caused a progressive depolarization of the cells, which could
also be reversed by diazoxide. Insulin secretion assessed in parallel (by
standard RIA procedure) under the same conditions resulted in a 5-
fold increase over basal (2 mM) at 16 mM glucose. This indicated that
the INS-1 cell line employed here was a relevant model to study the
glucose-induced events involved in insulin secretion.
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2.3. [Ca®"]; measurements

Cells were loaded with 3 pM fura-2 acetoxymethyl ester according
to [13]. After loading, the cells were kept at 0-4°C in Krebs buffer
until used. Just before the experiment, a 1 ml aliquot of the cell
suspensions was rapidly centrifuged, and resuspended in fresh medium
to give a final concentration of 1.25X 10° cells/ml. Fluorescence was
measured with a Perkin-Elmer LS3B fluorometer (excitation and emis-
sion wavelengths, 340 and 509 nm, respectively) equipped with mag-
netic stirring and temperature control. To minimize leakage of
trapped fura-2, 200 uM sulfinpyrazone was included in the medium
[14]. The results were not affected by sulfinpyrazone. At the end of
each incubation, digitonin (50 pg/ml) and EGTA (20 mM) were added
in order to measure maximal (Fy.,) and minimal (Fp;,) fluorescence
values, respectively. Fluorescence mV output signals were acquired at
0.25 s intervals, using MacLab hardware (AD Instruments), equipped
with a Chart v3.2.5. software. The Ky for the Ca’"-fura-2 complex
was assumed to be 224 nM at 37°C [15]. Values of [Ca*"]; were
calculated by using CA Cricket Graph III software according to the
formula [CaQJr]i = KLI[(F_Elxin)/(Fnlax _F)]

2.4. Western blot analysis of ryanodine receptors

Microsomal membrane fractions were obtained from INS-1 and
RINmFS5 cells, rabbit fast-twitch skeletal muscles and rat hippocam-
pus as reported elsewhere [16]. Microsomal proteins were separated
on 5% SDS-PAGE and transferred on PVDF membranes following
standard procedures. Rabbit polyclonal antibodies against the three
known isoforms of the ryanodine receptor (types 1, 2, and 3) prepared
as reported [16] were kindly supplied by Dr. V. Sorrentino (Depart-
ment of Biomedical Sciences, Siena, Italy). For Western blotting,
PVDF filters were incubated overnight at room temperature with
1/3000 dilution of the specific antisera [16]. An amplified alkaline
phosphatase immunoblot assay was used for detection with a BCIP-
NBT substrate system.

3. Results

To evidence a caffeine-sensitive ER Ca?* pool of INS-1
cells we adopted an experimental protocol suitable to keep
the ER Ca’* stores maximally full and to prevent extracellu-
lar Ca®* inflow through voltage operated channels. To this
end, fura-2-loaded INS-1 cells were incubated in the presence
of high (16 mM) [glucose] and diazoxide. Several previous
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reports (e.g. [17-19]) showed, in fact, that glucose has a prim-
ing effect on ER Ca®* stores of insulin secreting cells, i.e. the
fueling of insulin secreting cells with high glucose concen-
trations can enlarge the size of ER Ca?* stores mobilized by
carbachol [19] and thapsigargin (Fulceri et al., unpublished
data). Diazoxide hyperpolarizes cells, thus preventing glu-
cose-induced depolarization and subsequent activation of
voltage sensitive Ca?* channels. A similar protocol was al-
ready used to study the role of glucose on carbachol-induced
cytosolic Ca®* oscillations in insulin secreting cells [20]. Under
these experimental conditions, caffeine addition resulted in an
evident increase of [Ca?*]; in INS-1 cells (Figs. la and 3a).
Instead, caffeine stimulation of INS-1 cells in the presence of a
low (2 mM) [glucose] caused barely detectable [Ca’*]; rises
(Fig. 1b). In the parent glucose-insensitive RINmF5 cells,
caffeine poorly affected [Ca’*]; both in the presence of high
(Fig. 1¢) and low glucose concentrations (Fig. 1d). The addi-
tion of the SERCA type ER Ca?* pump inhibitor thapsigar-
gin [21] caused rises in [Ca®']; both in INS-1 and RINmF5
cells previously treated with caffeine (Fig. 1). The [Ca?*]; rises
induced by thapsigargin, however, were higher in INS-1 cells
challenged with high [glucose] (Fig. 1b), as compared to those
maintained in the presence of low [glucose] (Fig. la). This
indicated that glucose enlarged not only the caffeine ER
Ca?* pool, but also the (caffeine-insensitive) thapsigargin-sen-
sitive one. [Ca®*]; elevation (nM) caused caffeine was 9+ 6 in
control cells and 46+ 10 in high glucose-treated cells (n=3,
means + S.D.). [Ca>*]; elevations (nM) caused by the sequen-
tial addition of caffeine and thapsigargin were 9 £ 6 and 60 £ 8
in control cells and 46+ 10 and 107+ 19 in high glucose-
treated cells (z=3, means*S.D.). Stimulation of cAMP-de-
pendent phosphorylation did not appear to be involved in the
caffeine effect. The membrane permeant analogue of cAMP
dibutyryl cAMP, in fact, did not modify the caffeine-induced
[Ca**]; rise. In fact, [Ca®>*]; elevations (nM) caused by caffeine
were 10 £ 8 in control cells and 41 + 11 in high glucose-treated
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Fig. 1. Effect of caffeine on [Ca®"]; of INS-1 and RINmFS5 cells exposed to ‘high’ and ‘low’ glucose. INS-1 cells (a and b) and RINmF5 (c and
d) cells were loaded with fura-2 and resuspended in a medium containing low (2 mM) glucose to give 1.25X10° cells/ml as indicated in Section
2. Additions as indicated were: glucose 16 mM (Glc), 32 ul of HyO, 300 uM diaxozide (Dx), 10 mM caffeine (Caff), and 0.1 uM thapsigargin

(Tg). The calibrated [Ca®*];
of at least three different experiments.

values are presented on the left side of each trace. Here and elsewhere in this work, the results are representative
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Fig. 2. Effect of caffeine on [Ca®*]; of INS-1 and RINmFS5 cells exposed to ‘high’ glucose in the absence of extracellular Ca®*. INS-1 cells
(trace a) and RINmFS5 (trace b) cells were incubated as reported in Fig. 1, except that the medium contained no added Ca?*, 100 uM EGTA
and 16 mM glucose. Additions as indicated were: 10 mM caffeine (Caff), 0.1 uM thapsigargin (Tg), and 1.5 mM CacCl, (Ca).

cells that have been previously exposed to 200 uM dibutyryl
cyclic AMP for 3 min (n=3, means * S.D.). Dibutyryl cyclic
AMP itself did not cause a measurable change of [Ca®*];.

To eliminate any contribution to the observed caffeine-in-
duced [Ca?*]; rises by Ca®* inflow from extracellular fluid, the
protocol adopted for the experiments in Fig. 1b was repeated
in the absence of extracellular Ca®". As shown in Fig. 2, in
the presence of high [glucose] an evident caffeine-induced
[Ca?*]; rise was present in INS-1 but not in RINmF5 cells.
In the presence of low [glucose] barely detectable caffeine-in-
duced and minor thapsigargin-induced [Ca®*]; rises were ob-
served (not shown). It should be noted that Ca®>* readmission
caused a lower [Ca®']; overshoot in INS-1 cells as compared
to RINmFS5 cells (compare Fig. 2a,b) which is consistent with
recent data by others [22]. Assuming that Ca?* readmission to
thapsigargin-treated cells maintained in a Ca’* free medium
reflects capacitative Ca?* influx (e.g. [13]), this observation
indicated a minor representation of the capacitative Ca’* in-
flux pathway in INS-1 as compared to RINmFS cells.

To further characterize the glucose-primed caffeine-sensitive
intracellular Ca%* pool of INS-1 cells, fura-2-loaded cells were
exposed to different consecutive combined treatments with
caffeine, carbachol, and thapsigargin. Carbachol and thapsi-
gargin were used at their supramaximal concentrations (1 uM
and 300 pM, respectively). In these (and in the above shown)
experiments, 10 mM caffeine was used, since this concentra-
tion did not substantially interfere with the fura-2 assay (as
verified in parallel experiments). As illustrated in Fig. 3a, after
a caffeine-induced [Ca?*]; rise was accomplished, carbachol
resulted in little [Ca®*]; rises. Previous mobilization of ER
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Ca?t by carbachol largely reduced the caffeine-induced
[Ca*]; rise (Fig. 3b). These results suggest that the pools
containing InsP3; gated channels and RyRs are largely over-
lapping. Discharging of ER Ca?* stores by thapsigargin (Fig.
3c) resulted in no further [Ca®*]; rises by caffeine (and carba-
chol), which indicated that the caffeine-sensitive Ca%* pool
was comprised within that possessing the SERCA type Ca?*
pumps, i.e. the ER compartment [23].

Consistent with the Ca** mobilizing effect of caffeine, west-
ern blot analysis of INS-1 microsomal proteins revealed a
positive reaction for the RyR type 2 isoform (Fig. 4, lanes 2
and 4). The degree of expression, however, was at least one
order of magnitude lower than in brain microsomes used as a
positive control for the type 2 RyR expression (Fig. 4, lane 3).
A comparable intensity of reaction was observed in fact, with
60 pug and 5 pg of membrane proteins in INS-1 and brain
microsomes, respectively (compare lanes 2 and 3 of Fig. 4).
A barely detectable reaction was present in RINmF5 micro-
somes (Fig. 4, lanes 1 and 5). No apparent reaction was
present in liver microsomes (as a negative control; Fig. 4,
lane 6). The other known isoforms of RyR, i.e. types 1 and
3, were both virtually absent in both INS-1 and RINmF5
cells, as revealed by Western blotting with the proper anti-
body [23] (not shown).

4. Discussion
The present data indicate that the RyR agonist caffeine

does release (a part of) ER Ca?* and that type 2 RyRs are
expressed in the insulin-secreting glucose-sensitive INS-1 cell
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Fig. 3. Effects of the sequential combined treatments with caffeine, carbachol and thapsigargin on [Ca>*]; of INS-1 cells exposed to ‘high’ glu-
cose. INS-1 cells were incubated as reported in Fig. 1 in a medium containing 16 mM glucose, and treated with 300 uM diaxozide prior to
adding the different compounds. Additions as indicated were: 10 mM caffeine (Caff), 300 uM carbachol (Cch), and 0.1 uM thapsigargin (Tg).
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Fig. 4. Western blot analysis of RyR isoform 2 protein in microso-
mal membranes of INS-1 and RINmFS5 cells. Microsomal mem-
branes from INS-1 and RINmF5 cells, rat liver, and rat brain were
subjected to SDS/PAGE and immunoblotted with anti-RyR2 anti-
bodies as detailed in Section 3. INS-1 cells, 60 and 40 pug of pro-
tein: lanes 2 and 4 respectively. RINmFS5 cells, 60 and 40 pg of
protein: lanes 1 and 5 respectively. Rat brain microsomes, 5 ug of
protein: lane 3. Rat liver microsomes, 20 pg of protein: lane 6.

line. To evidence the activity of caffeine, we took advantage of
the priming effects of glucose on ER Ca’* stores (e.g. [17—
19]). This effect of glucose is not specific for the caffeine-sen-
sitive ER Ca?* pool as it has been observed also for the InsP;-
[17-19] and the thapsigargin-releasable (Fulceri et al., unpub-
lished data, and present work) ER Ca?* stores in different
insulin secreting cells. The mechanism through which glucose
enlarges the ER Ca®* stores is not the object of the present
paper. Whatever the mechanism however, glucose can have a
multiple effect on Ca’* signaling in insulin secreting cells, the
sugar not only activates Ca?>t inflow via increasing ATP/ADP
ratio, but can also prime the intracellular Ca?* stores mobi-
lized by InsP; or eventually Ca’* itself. The latter case might
be relevant in the generation of oscillations in [Ca?*]; and
would logically involve ER Ca’*-sensitive Ca’* channels
such as type 2 RyR.

In intact single B-cells from ob/ob mice caffeine was found
to be capable of releasing ER Ca’* upon stimulation of
cAMP-dependent phosphorylation [10]. In INS-1 cells, stim-
ulation of cAMP-dependent phosphorylation does not appear
to be required for the caffeine activity (see Section 3). It is
possible that the (cAMP-dependent) phosphorylation status
of INS-1 cells is constitutively higher as compared to ob/ob
mouse B-cells. Alternatively, type 2 RyrR activity might not
require cAMP-dependent phosphorylation in INS-1 cells. In
another recent report [11], caffeine failed to lower the ER
Ca®" levels in digitonin-permeabilized ob/ob mouse PB-cells.
As a possible explanation for this discrepancy with the present
data and those of [10], the lack of caffeine effect in permea-
bilized ob/ob mouse B-cells might be due to the loss of phos-
phorylating components during the permeabilization proce-
dure. Consistent with this speculation, no Ca?*-releasing
activity of caffeine has been previously observed in digito-
nin-permeabilized INS-1 cells [24].

Functional (caffeine-sensitive) type 2 RyRs appear to be
present in the glucose-responsive insulin-secreting INS-1 cells,
but not in the parent glucose-insensitive RINmFS cells. It is
tempting therefore, to speculate that the expression of RyRs
can follow the cell differentiation transition from the glucose-
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insensitive to the glucose-sensitive status, similarly to other
components of the glucose-responsive machinery (e.g. gluco-
kinase and plasma membrane glucose transporters GLUT?2).
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