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Isolated rat islets of Langerhans permeabilised by high-voltage discharge secreted insulin in response to

elevations in Ca2* over the range 100 nM to 10 uM Ca?*. The phorbol ester, 12-O-tetradecanoylphorbol

13-acetate (TPA), had no effects on insulin secretion in the absence of Ca2*. In the presence of Ca2* concen-

trations of > 10 nM, TPA produced dose-related shifts in the Ca2*-activation curve to lower Ca?* concen-

trations, together with marked increases in the maximum secretory response to Ca?*. These results suggest

that, in islets, the activation of protein kinase C is important in modulating both the sensitivity of the exocy-
totic mechanism to intracellular Ca2*, and the magnitude of the insulin secretory response.

Islets of Langerhans

1. INTRODUCTION

The secretion of insulin from pancreatic B cells
may be regulated in part by the hydrolysis of the
plasma membrane phospholipids, phosphatidyl-
inositol 4,5-bisphosphate, to produce myo-inositol
1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol
(DAG) [1,2].

IP3 can mobilise intracellular Ca®* in islets [3]
and insulin-secreting tumour cells [4] and may
therefore be involved in the control of cytosolic
Ca®*, which is thought to be of prime importance
in regulating insulin secretion [5]. DAG may also
play an important role in the regulation of insulin
secretion by activating the phospholipid- and
Ca**-dependent protein kinase C (PK-C), an en-
zyme which has been identified in islets [6] and
insulin-secreting cell lines [7]. Tumour-promoting
phorbol esters, such as TPA, which mimic the
DAG activation of PK-C [8] are potent insulin
secretagogues [7,9—11], suggesting a physiological
role for PK-C in insulin secretion.

Studies of TPA-stimulated secretion in intact

High-voltage discharge Cytosolic Ca**

Exocytosis Phorbol ester

tissues offer little direct insight into the relation-
ships between cytosolic Ca®*, PK-C activation and
hormone release. We have therefore used islets
permeabilised by high-voltage discharge [12] to in-
vestigate the roles of intracellular Ca** and PK-C
activation by TPA in the regulation of insulin
secretion.

2. MATERIALS AND METHODS

Islets of Langerhans were isolated from rat pan-
creata by collagenase digestion as described [13],
and incubated for 60 min at 37°C in a bicarbonate-
buffered physiological salt solution [14] containing
2 mM glucose and 2 mM CaCl,. The islets were
then washed S times at 4°C with a glutamate-based
Ca**/EGTA buffer (permeation buffer), contain-
ing 140 mM K-glutamate, 15 mM Hepes, 7 mM
MgS0O4, 5 mM adenosine 5’-triphosphate (ATP,
Sigma), 5 mM glucose, 1| mM EGTA, 0.5 mg/ml
bovine serum albumin (fraction V, Sigma), pH
6.6, with CaCl, added to produce a Ca** concen-
tration of 10 nM. Ca®* concentrations in the
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permeation buffer were calculated using the
dissociation constants of Portzehl et al. [15], and
confirmed by direct measurements with a Ca®*
electrode using ionophore 1001 (Fluka), as de-
scribed in [16].

Groups of 50—100 islets were resuspended in
permeation buffer (2°C) of various Ca?* concen-
trations (10 nM to 10 xM) and permeabilised by 5
exposures to an electric field of 3.4 kV/cm.
Permeabilised islets were washed twice with
permeation buffer at 2°C and groups of 10 islets
transferred by micropipette to incubation vials
containing 1.0 ml permeation buffer of various
Ca®* concentrations and the appropriate concen-
tration of TPA dissolved in dimethyl sulphoxide
(DMSQ). Controls (no TPA) contained DMSO
alone. Islets were incubated for 30 min at 37°C,
the incubation vials centrifuged at 9000 x g for
30 s, and insulin measured in the supernatant by
radioimmunoassay [12]. Differences between
treatments were assessed by analysis of variance or
Student’s unpaired #-test, as appropriate.

3. RESULTS

Incubation of permeabilised islets in buffers
containing increasing concentrations of Ca’*
(107%-10"* M) produced dose-related increases in
insulin secretion over the range 100 nM to 10 xM
Ca®* (fig.1), with 50% of the maximum response
at approx. 1.0 xM Ca’*.

In the absence of Ca?* (and the presence of
1 mM EGTA) TPA had no significant effects on
insulin secretion, the secretory response to 0, 50
and 500 nM TPA being (mean + SE, n = 4) 128 +
22, 131 + 23 and 165 + 28 pg/islet per h, respec-
tively. However, in the presence of even very low
levels of Ca®*, TPA had marked effects on insulin
secretion by the permeabilised islets. At Ca®* con-
centrations of 10 nM, 100 nM and 10 xM, TPA
(50 nM to 5 xM) produced dose-related increases
in insulin secretion (fig.2). Interestingly, TPA pro-
moted insulin secretion above the maximum
(10 xM) Ca’*-activated response. At concentra-
tions of 50 nM, 500 nM and 5 xuM TPA produced
increases of 14 + 5, 82 + 20 and 124 + 16%,
respectively, over the insulin release evoked by
10 xM Ca’* alone.

Both the Ca?*-induced and TPA-stimulated in-
sulin secretion were temperature dependent. Fig.3
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Fig.1. Ca®*-dependent exocytosis in permeabilised rat

islets. Isolated islets were permeabilised at 2°C and

incubated at 37°C in Ca?*/EGTA buffers of various

free Ca’* concentrations. Increasing Ca?* produced

dose-related increases in insulin secretion. Points show
means = SE for 8 or 9 observations.

shows the results of an experiment in which
permeabilised islets were exposed to 10 nM or
10 xM Ca®* in the presence or absence of 0.5 xM
TPA at either 2 or 37°C. The 3-fold increase in in-
sulin release in response to elevated Ca®* (fig.3,
lower panel) was totally abolished by incubation at
2°C (fig.3, upper panel), as was the stimulatory ef-
fect of TPA at both 10 nM and 10 xM Ca’*
(fig.3).

The secretory responses to 10 xM Ca’* alone
and to TPA in the presence of 10 xM Ca’** were
both dependent on the presence of MgATP (fig.4).
Omission of ATP from the permeation buffer
caused a reduction of 78 + 13% (+ SE, n = 4) in
the response to 10 xM Ca?*, and of 64 + 7% in the
response to 10 M Ca®* plus 0.5 xM TPA.
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Fig.2. Stimulation of Ca®*-dependent insulin secretion
by TPA. The figure shows insulin secretion by
permeabilised islets incubated in various concentrations
of TPA [control, no TPA (e), 50 ntM (0), 0.5 xM (m),
5.0 xM (A)] at different levels of Ca®*. Note that 0.5
and 5.0 4M TPA significantly increased the secretory
response at all Ca?* concentrations (p < 0.05), and
stimulated secretion by approx. 100% over the
maximum Ca®*-activated response (10 xM Ca**). Points
show means + SE, n = 4 or 5.

4. DISCUSSION

Exposure to a high-intensity electric field in-
duces the formation of stable pores in the plasma
membrane of a variety of cell types [12,17—-19],
allowing direct access to the interior of the cell.
Although digitonin-permeabilised islets have
recently been used to study Ca** handling [3,20]
and insulin secretion [20,21], electrical permea-
bilisation is perhaps more appropriate when study-
ing membrane associated events such as exocyto-
sis, since the membrane disruption produced by
high-voltage discharge is confined to the locality of
the pores and there is no generalised chemical
alteration of the plasma membrane.

There is considerable evidence that elevated
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Fig.3. Temperature dependence of Ca?*-induced and
TPA-stimulated insulin secretion. Permeabilised islets
were incubated in buffers containing 10 nM (open bars)
or 10 M (hatched bars) Ca?*, in the presence or absence
of 0.5 uM TPA. Islets incubated at 2°C (upper panel)
showed no significant secretory response to either Ca**
or to TPA. Incubation at 37°C (lower panel) produced
a 3-fold increase in insulin secretion in response to
10 xM Ca?* (p < 0.05), and stimulation of secretion by
TPA at both 10 nM (p < 0.05) and 10 zM (p < 0.01)
Ca?*. Bars show means + SE, n = 4,

cytosolic Ca®* is an important initiator of insulin
secretion [5], and in the present studies increasing
the concentration of free Ca®* produced dose-
related increases in insulin secretion from
permeabilised islets. Although there was some
inter-experimental variation in the absolute levels
of insulin secretion (e.g. see figs 3 and 4), the
magnitude of the response to Ca®* was remarkably
consistent between experiments, with a maximum
Ca**-dependent stimulatipn of about 3-fold over
basal secretion.

The threshold of about 100 nM Ca?* for insulin
secretion from permeabilised islets is in good
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Fig.4. ATP dependence of insulin secretion in
permeabilised islets. Permeabilised islets were incubated
in buffers containing 10 nM (open bars) or 10 xzM
(hatched bars) Ca®*, in the presence or absence of
0.54sM TPA. (A) In the absence of MgATP
permeabilised islets showed no significant increase in
insulin secretion in response to Ca’*, and the
stimulatory effects of 0.5 xM TPA were significantly
reduced (p < 0.01). (B) In the presence of 5 mM
MgATP, 10 4M Ca®* produced a 3.5-fold increase in
secretion (p < 0.01) and this Ca?*-dependent secretion
was further stimulated by TPA. Points show means +
SE,n=4orS5.

agreement with estimates of basal cytosolic Ca®* in
unstimulated insulin-secreting cells, whether
measured by fluorescent probes [22,23], or by a
Ca** microelectrode in suspensions of digitonin-
permeabilised cells [4]. The maximum secretory
responses to Ca?* in this work, and in others using
digitonin-permeabilised islets [20,22], were seen at
Ca®* levels of 1—10 4M, somewhat higher than
those measured in stimulated intact tumour cells.
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TPA had marked effects on the Ca®*-dependent
exocytosis in permeabilised islets, with concentra-
tions above 50 nM producing significant increases
in insulin release. TPA may have direct effects on
ion fluxes across the B cell plasma membrane
[24,25]. While these effects might prove to be a
significant component of the response to TPA in
whole cells, they are unlikely to be important in
permeabilised islets where the extracellular and in-
tracellular medium are contiguous. Since TPA
readily binds to membrane phospholipids [25],
some of its effects could be ascribed to a non-
physiological disruption of the secretory granule or
plasma membranes. However, the temperature
sensitivity and ATP dependence of the exocytotic
response to TPA suggest more than a simple sol-
vent effect on membranes. Furthermore, in the
absence of Ca?*, TPA had no stimulatory effect
on insulin secretion, as might be expected if the
response was due to activation of a
Ca**-dependent kinase.

In this work one effect of TPA on insulin secre-
tion was a shifting of the Ca?*-activation curve to
the left, thus inducing exocytosis at lower levels of
intracellular Ca?*. Similar findings have been
reported in a number of other secretory tissues
[17-19,26], although the effective doses of TPA
vary between tissues. The concentrations of TPA
which stimulate secretion from electrically
permeabilised islets are similar to those which
enhance insulin release from digitonin-treated
islets [21] and promote secretion [7,9—11] and af-
fect the membrane potential [25] in intact islets.
Electrically permeabilised chromaffin cells [17],
platelets [18] and acinar cells [19] respond to levels
of TPA which were without effect in our ex-..
periments (i.e. <50 nM), although in normal [27]
and digitonin-permeabilised {26] chromaffin cells
higher levels of TPA are required.

TPA also produced considerable increases in the
maximum secretory response to Ca’* by
permeabilised islets. A similar, though somewhat
smaller effect has been reported in permeabilised
acinar cells [19], but TPA does not increase the
maximum Ca®*-dependent exocytosis in either
permeabilised chromaffin cells [17] or platelets
[18]. This may indicate that PK-C activation is
quantitatively more important in secretion from B
cells than from some other tissues.

Finally, these studies in permeabilised islets raise
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the possibility that the physiological activation of
PK-C by DAG could stimulate insulin secretion
without the need for elevations in cytosolic Ca*
above the reported basal levels of 100—200 nM
[4,22,23]. Whether a physiological release of in-
sulin can occur in intact islets without any increase
in cytosolic Ca?* remains to be seen.

ACKNOWLEDGEMENTS

Financial assistance from the Medical Research
Council and the British Diabetic Association is
gratefully acknowledged.

REFERENCES

[1] Best, L., Dunlop, M. and Malaisse, W.J. (1984)
Experientia 40, 1085—1091.

[2] Montague, W., Morgan, N.G., Rumford, G.M.
and Prince, C.A. (1985) Biochem. J. 227, 483—489.

[31 Wolf, B.A., Comens, P.G., Ackerman, K.E.,
Sherman, W.R. and McDaniel, M.L. (1985)
Biochem. J. 227, 965—969.

{4] Biden, T.J., Prentki, M., Irvine, R.F., Berridge,
M.J. and Wollheim, C.B. (1984) Biochem. J. 223,
467-473.

[51 Wollheim, C.B. and Sharp, G.W.G. (1981)
Physiol. Rev. 61, 914-973.

[6] Tanigawa, K., Kuzuya, H., Imura, H., Taniguchi,
H., Baba, S., Takai, Y. and Nishizuka, Y. (1982)
FEBS Lett. 138, 183-186.

[71 Hutton, J.C., Peshavaria, M. and Brocklehurst,
K.W. (1984) Biochem. J. 224, 483—490.

[81 Castanaga, M., Takai, Y., Kaibuchi, K., Sano, K.,
Kikkawa, A. and Nishizuka, Y. (1982) J. Biol.
Chem. 257, 7847-7851.

[91 Virji, M.A.G., Steffes, M.W. and Estensen, R.D.
(1978) Endocrinology 102, 706—711.

106

FEBS LETTERS

October 1985

[10] Yamamoto, S., Nakadate, T., Nakaki, T., Ishii, K.
and Kato, R. (1982) Biochem. Biophys. Res. Com-
mun. 105, 759-765.

[11] Stutchfield, J., Sullivan, F., Pedley, K.C. and
Howell, S.H. (1985) Diabetologia, in press.

[12] Yaseen, M.A., Pedley, K.C. and Howell, S.L.
(1982) Biochem. J. 206, 81-87.

[13] Howell, S.L. and Taylor, K.W. (1968) Biochem. J.
108, 1724,

[14] Gey, G.O. and Gey, M.L. (1936) Am. J. Cancer 27,
45-76.

[15] Portzehl, H., Caldwell, P.C. and Ruegg, J.C.
(1964) Biochim. Biophys. Acta 70, 581-591.

[16] Lanter, F., Steiner, R.A., Ammann, D. and
Simon, W, (1982) Anal. Chim. Acta 135, 51-58.

[17] Knight, D.E. and Baker, P.F. (1982) J. Membrane
Biol. 68, 107—-140.

[18] Knight, D.E. and Scrutton, M.C. (1984) Nature
309, 66—68.

[19] Knight, D.E. and Koh, E. (1984) Cell Calcium 5,
401-418.

[20] Colca, J.R., Wolf, B.A., Comens, P.G. and
McDaniel, M.L. (1985) Biochem. J. 228, 529-536.

[21] Tamagawa, T., Niki, H. and Niki, A. (1985) FEBS
Lett. 183, 430-432.

[22] Wollheim, C.B. and Pozzan, T. (1984) J. Biol.
Chem. 259, 2262—-2267.

[23] Rorsman, P., Abrahamsson, H., Gylfe, E. and
Hellman, B. (1984) FEBS Lett. 170, 196—200.

[24] Malaisse, W.J., Lebrun, P., Herchuelz, A., Sener,
A. and Malaisse-Lagae, A. (1983) Endocrinology
113, 1870-1877.

[25] Pace, C.E. and Goldsmith, K.T. (1985) Am. J.
Physiol. 248, C527—-C534.

[26] Brocklehurst, K.W. and Pollard, H.B. (1985)
FEBS Lett. 183, 107-110.

[27] Brocklehurst, K.W., Morita, K. and Pollard, H.B.
(1985) Biochem. J. 228, 35—42.



