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The effects of protein kinase C (PKC) activation on the cytoplasmic free Ca2’ 
concentration ([Ca2+li) were studied in clonal insulin-producing RINm5F cells, 
using the fluorescent Ca2+ indicators quin-2 and fura-2. Both under basal and 
stimulatory conditions PKC activation lowered [Ca2+li in these cells by promoting 
an active extrusion of Ca 2+ to the extracellular space. PKC activation therefore 
assists insulin-producing cells in recovery from raised [Ca2+li. Such an effect 
might be part of the signal regulating the insulin secretory process. _ 1989 *sa&xn,c 
Press, 1°C. 

Insuiin-producing pancreatic B-cells are similar to other cells in demonstrating 

generation of inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG) 

subsequent to activation of phospholipase C (for review, see 1). Whereas InsP3 

releases intracellularly bound Ca 2+ (2), DAG exerts its effects through the 

activation of protein kinase C (PKC) (for review, see 3). Activity of this enzyme 

has been established in both rat (4) and mouse (5,6) B-cells as well as in insulin- 

producing tumor cells (7,B). The phorbol ester 12-0-tetradecanoylphorbol 13- 

acetate (TPA), in nanomolar concentrations, is assumed to stimulate PKC 

specifically and has been used extensively as a substitute for DAG (3). Since 

the original observation that TPA stimulates insulin release (9,10), a number 

of investigations have indicated a role for PKC in the regulation of insulin 

secretion. One such role might be to serve as a negative-feedback modulator 

of stimulated Ca2’ influx and thereby assist in recovery from a rise in the free 

cytoplasmic Ca2+ concentration ([Ca2+1i), as we have recently proposed (6). 

By using the clonal insulin-producing RINm5F cells, we have in the present 

study addressed more specifically the question of how such a recovery might 

be regulated. 
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MATERIALS AND METHODS 

All reagents were of analytical grade and redistilled deionized water was used. 
Whereas quin-2/acetoxymethylester (quin-2/AM), dimethylsulphoxide (DMSO) 
and TPA were from Sigma St. Louis, MO, fura- free acid (fura-2) was purchased 
from Calbiochem, La Jolla, CA. D-600 was a gift from Knoll A.G., Ludwigshafen 
am Rhein, F.R.G. and bovine serum albumin fraction V was obtained from 
Boehringer Mannheim GmbH, Mannheim, F.R.G. 

The clonal insulin-producing RINm5F cells were cultured and cell suspensions 
were prepared, as previously described (11). The suspensions of RINm5F cells 
were incubated for at least one hour before any experiments were erformed. 

5 If not otherwise stated, the medium used for measurements of [Ca ‘Ii was a 
Hepes buffer, pH 7.4, 
containing 1.3 mM Ca2+ 

supplemented with 1 mg/ml bovine serum albumin, 
and with Cl- as the sole anion (12). For studies of 

permeabilized cells we used a Hepes buffer, pH 7.0 (adjusted with KOH), 
containing 0.5 mg/ml of bovine serum albumin and in mM: 25 Hepes, 110 KCl, 
10 NaCl, 2 KH2PO4, 1 MgC12 and 5 succinate. 

RINm5F cells were incubated for 30 min with 2.5 plM quin-B/AM, which gave 
loadings of 1 - 4 nmol quin-2 per lo6 cells. The estimations of RINm5F cell 
numbers were based on the assumption that 1 mg dry weight corresponds to 
about 4 x lo6 cells (13). [Ca2+1i was measured and calibrated as previously 
described (14). Neither DMSO, chosen as the vehicle for diluting TPA, nor TPA 
affected cellular autofluorescence, as checked in separate experiments using 
cells not loaded with quin-2 (data not shown). In the Ca2+ efflux measurements, 
2 pM fura- and 4 uM EGTA were added to a Ca2+ deficient medium, which 
gave Ca2+ concentrations in the medium of about 100 - 200 nM. DMSO or TPA 
was added to a suspension of approximately 4 x lo6 cells and the excitation 
fluorescence ratio 340/380 nm was recorded at 37°C every minute for a total 
of 10 minutes. The emission wavelength was 510 nm. Values of extracellular 
Ca2+ concentration were calculated according to 15, using a Kd for Ca2+-fura- 
2 of 224 nM. 

Cells were permeabilized by exposure to high-voltage discharges (five pulses 
of 5 kV/cm), after being washed twice in cold permeabilization buffer. Subsequent 
to permeabilization, the cells were centrifuged and the resulting pellet was 
suspended in 20 ul of the above medium supplemented with 2 mM MgATP and 
an ATP-regenerating system consisting of 15 mM phosphocreatine and 20 units/ml 
creatine kinase. The cell suspension was stirred magnetically and the Ca2+ 
concentration in the medium was measured at room temperature with a Ca2+- 
selective mini-electrode constructed and calibrated essentially as in reference 
16. All traces shown are typical for experiments repeated with at least three 
different cell preparations. 

RESULTS AND DISCUSSION 

Recently we found that activation of PKC by TPA in normal pancreatic 8- 

cells lowered the increased levels of [Ca2+li evoked by either glucose, 

sulfonylurea or high concentrations of K+ (11). A similar effect of 10 nM TPA 

is obtained in clonal insulin-producing RINm5F cells stimulated with a high 

concentration of K+ (Figure lB1, an effect that has previously been demonstrated 

also in other clones of RINm5F cells (17). As depicted in Figure 1 A, the cells 

were not affected by the addition of 0.2 % DMSO, which was the final 

concentration in the actual TPA experiments. 

The RINmSF cells represent an interesting model system when investigating 

the mechanisms regulating insulin release. In these cells TPA induced a minor 

depolarization, a lowering in basal [Ca’+li and stimulation of insulin release 
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(11). The fact that the phorbol ester did not evoke similar effects on membrane 

potential and [Ca’+]i in normal pancreatic B-cells (lo), is not likely to be 

accounted for by a difference in either PKC activity or distribution, as suggested 

from PKC activity measurements (Welsh, M., Welsh, N. and Berggren, P.-O., 

unpublished observations). Hence, an explanation to this phenomenon can at 

the moment just be of a speculatory nature, but might simply be due to PKC 

having a greater influence on the regulation of [Ca2+]i in insulin-producing 

tumor cells compared to normal B-cells. Alternatively, the results may reflect 

differences in the sensitivity of RINm5F cell and normal B-cell C kinases to 

TPA. When discussing such possible differences, it should be remembered that 

also RINm5F cells kept in various laboratories differ. It was for example reported 

that TPA induced a depolarization and a marked increase in [Ca2+]i under basal 

conditions, an effect that was inhibited by blockers of voltage-activated Ca2+ 

channels (18). Although similar results were demonstrated in a recent paper 

(19), it was previously shown that TPA-induced PKC activation was without 

effect on basal [Ca2+]i (17). Nevertheless, in our RINm5F cells the phorbol 

ester even induced a lowering in [Ca ‘+]i when basal [Ca’+]i was further reduced 

by omission of extracellular Ca2+ (Figure 2D). 

Previous studies have demonstrated that TPA failed to affect either glucose- 

or tolbutamide-stimulated uptake of 45Ca2+ in normal B-cells (10,20). Moreover, 
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Fig. 1. Effects of DMSO (A), TPA (B) and D-600 on the K+-induced increase 
in [Ca2+II. The actual concentration of the various compounds given 
is indicated. 

Fig. 2. Effects of DMSO and TPA on the increase in lCa2+li evoked by 
ionomycin or a rise in the extracellular Ca2+ concentration. Ionomycin 
was added to RINm5F cells incubated in Ca2+-containing Hepes buffer 
supplemented with 0.2 % DMSO (A) or 10 nM TPA (B). In C and D the 
effects of the indicated concentrations of DMSO and TPA are 
demonstrated. In the latter cases 2 mM Ca2+ was added to a Ca2+- 
deficient medium in the presence of 25 mM K+ and 50 PM D-600. 
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Fig. 3. Effects of successive additions of 10 and 100 nM TPA and 0.125 nmol 
Ca2+ on the ambient Ca2+ concentration maintained by ermeabilized 
RINm5F cells. The addition of cells as well as TPA and Ca R is indicated 
by the arrows. 

these studies also revealed that TPA increased 45Ca2’ efflux under a variety 

of experimental conditions such as in the absence of extracellular Ca2+ (10) 

and in the presence of tolbutamide (20). Direct measurements of [Ca’+li in 

RINm5F cells, using the Ca 2’ indicator quin-2, have suggested that the lowering 

effect of PKC on [Ca2+li is due to a block of the voltage-activated Ca2+ channels 

(17). This could however not be verified from patch-clamp studies, demonstrating 

that TPA induced an increase in the inward Ca2+ currents (21). Alternatively, 

the lowering effect of protein kinase C activation on [Ca’+]i might reflect 

increased intracellular uptake of Ca2+. However, as can be observed in Figure 

3, neither 10 nor 100 nM TPA had any effect on the ambient Ca2+ concentration 

maintained by electropermeabilized RINm5F cells. In this context it should 

be mentioned that TPA also failed to affect Ca2+ release induced by InsP3 

under similar conditions (11). 

We now present experimental data which strongly suggest that the TPA- 

induced lowering in [Ca 2+Ii in RINm5F cells is accounted for by PKC activated 

Ca2+ efflux to the extracellular space. Non-specific Ca2+ entrance into RINm5F 

cells, incubated in Ca2+ containing medium supplemented with either 0.2 % 

DMSO (Figure 2A) or 10 nM TPA (Figure 2B), was stimulated with the Ca2+ 

ionophore ionomycin. Cells incubated in the presence of TPA displayed a slower 

increase in as well as a lower final level of [Ca’+li, compared to control cells. 

In figures 2C and D, [Ca2+li was instead increased by raising the extracellular 

Ca2+ concentration from about 10 uM to 2 mM, in a medium containing D- 

600 to block the voltage-activated Ca 2+ channels. It was verified that the Ca2+ 

channels indeed were blocked since a high concentration of Kf, included from 

the beginning of the experiment, was without effect on [Ca’+]i, the latter 

remaining at the substimulatory level as evident from both figures 2C and D. 

Also under these conditions, TPA delayed the increase in [Ca2+]i and the final 

level of [Ca’+li was lower than in control cells. Hence, these data suggest that 
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Fig. 4. Effects of DMSO or TPA on Ca 2+ efflux. RINm5F cells were incubated 
in a Ca2+-deficient medium and Ca 2’-efflux was measured with fura- 
2 subsequent to stimulation with 0.2 % DMSO (0-O) or 10 nM TPA 
(0-O) for the indicated period of time. Mean values 2 S.E.M. for 3 
experiments. 

stimulation with phorbol ester promotes a pronounced withdrawal of Ca2+ from 

the cytoplasm. It is technically difficult to directly measure extrusion of Ca2+ 

from intact RINm5F cells subsequent to PKC activation. However, when the 

ambient Ca2+ concentration was measured with fura- in a Ca2’ deficient 

medium, we were able to demonstrate that 10 nM TPA indeed stimulated Ca2+ 

efflux to the extracellular space (Figure 4). Although not being directly 

comparable a previous study, using Arsenazo III and a ten times higher 

concentration of phorbol ester, has suggested that TPA stimulates Ca2* extrusion 

from RINm5F cells (22). A plausible candidate responsible for the extrusion 

of Ca2+ is the plasma membrane ATP-dependent Ca2+ pump, which has been 

found to be stimulated by TPA in plasma membrane-enriched fractions from 

neutrophils (23). This might partly explain why TPA prevented the rise in [Caz+li 

normally obtained in response to the chemotactic peptide fMet-Leu-Phe in 

these cells. Hence, the fact that TPA stimulates Ca2+ extrusion from RINmSF 

cells is compatible with the notion that PKC functions as a negative-feedback 

modulator of stimulated Ca2+ influx. Moreover, since DAG is formed in insulin- 

producing cells in response to a variety of stimuli, including glucose (24), 

activation of PKC might be part of the complex machinery regulating the insulin 

secretory process. 
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