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abstract

 

Glucose and other secretagogues are thought to activate a variety of protein kinases. This study was
designed to unravel the sites of action of protein kinase A (PKA) and protein kinase C (PKC) in modulating insulin
secretion. By using high time resolution measurements of membrane capacitance and flash photolysis of caged
Ca

 

2

 

�

 

, we characterize three kinetically different pools of vesicles in rat pancreatic 

 

�

 

-cells, namely, a highly calcium-
sensitive pool (HCSP), a readily releasable pool (RRP), and a reserve pool. The size of the HCSP is 

 

�

 

20 fF under
resting conditions, but is dramatically increased by application of either phorbol esters or forskolin. Phorbol esters
and forskolin also increase the size of RRP to a lesser extent. The augmenting effect of phorbol esters or forskolin
is blocked by various PKC or PKA inhibitors, indicating the involvement of these kinases. The effects of PKC
and PKA on the size of the HCSP are not additive, suggesting a convergent mechanism. Using a protocol where
membrane depolarization is combined with photorelease of Ca
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, we find that the HCSP is a distinct population
of vesicles from those colocalized with Ca
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 channels. We propose that PKA and PKC promote insulin secretion by
increasing the number of vesicles that are highly sensitive to Ca
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.
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I N T R O D U C T I O N

 

Insulin secretion is subject to precise regulation by
nutrient and nonnutrient secretagogues. Despite the
well-known depolarization–secretion coupling initiated
by metabolism of glucose and other nutrient secreta-
gogues, nutrients also activate intracellular signaling
pathways that lead to the activation of protein kinases
such as PKC and PKA (Nesher et al., 2002). On the
other hand, nutrient-induced insulin responses can
be radically modified by nonnutrient secretagogues,
including a wide variety of hormones and neurotrans-
mitters, through the same intracellular regulators as
nutrient secretagogues. For example, cholinergic mus-
carinic agonists generate diacylgycerol (DAG) and sub-
sequently activate PKC (Verspohl and Wienecke, 1998),
glucagon and glucose-dependent insulinotropic polypep-
tide elevate cAMP with subsequent activation of PKA,
whereas somatostatin, galanin, or the 

 

�

 

2-adrenorecep-
tor agonists inhibit adenylate cyclase and reduce intra-
cellular cAMP (Sharp, 1996).

Although protein kinases have been implicated in
the control of insulin secretion, precisely how they
participate in producing a controlled insulin response
is not well understood. In addition to modulating cell

excitability, calcium influx, and gene expression (Bo-
zem et al., 1987; Liu and Heckman, 1998), recent evi-
dence also suggests that PKA or PKC act directly on
secretory machinery. In pancreatic 

 

�

 

-cells, PKA activation
potentiates insulin secretion by increasing the total
number of vesicles that are available for release (Ren-
strom et al., 1997; Rorsman et al., 2000). PKC activa-
tion has also been linked to priming of Ca

 

2

 

�

 

-medi-
ated insulin secretion as well as enhancement of non-
Ca
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�

 

–mediated exocytosis (Eliasson et al., 1996; Efanov
et al., 1997). Direct interactions of PKA or PKC with the
secretory machinery has also been suggested in other
cell types, such as chromaffin cells and hippocampal
neurons, where the size of the RRP and its rate of re-
plenishment is increased (Smith et al., 1998; Stevens and
Sullivan, 1998). Recently, a direct modulation of the
Ca
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 sensitivity of fusion by PKC has been demon-
strated in chromaffin cells and gonadotropes (Yang et
al., 2002; Zhu et al., 2002).

This study investigates the mechanisms whereby insulin
secretion is regulated by PKA and PKC in rat pancreatic

 

�

 

-cells. We focused on the secretory response distal
to Ca

 

2

 

�

 

 signaling by using whole cell membrane capaci-
tance (C

 

m

 

) measurements and direct and spatially uni-
form manipulation of [Ca
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�

 

]

 

i

 

 with caged Ca
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Abbreviations used in this paper:

 

 DAG, diacylgycerol; HCSP, highly
calcium-sensitive pool; IRP, immediately releasable pool; RRP, readily
releasable pool.
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