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Abstract. To investigate the role of protein kinase C
(PKC) in the regulation of insulin secretion, we visu-
alized changes in the intracellular localization of
«-PKC in fixed B-cells from both isolated rat pancre-
atic islets and the pancreas of awake unstressed rats
during glucose-induced insulin secretion. Isolated, peri-
fused rat islets were fixed in 4% paraformaldehyde,
detergent permeabilized, and labeled with a mAb spe-
cific for «-PKC. The labeling was visualized by con-
focal immunofluorescent microscopy. In isolated rat
pancreatic islets perifused with 2.75 mM glucose,
«-PKC immunostaining was primarily cytoplasmic in
distribution throughout the B-cells. In islets stimulated
with 20 mM glucose, there was a significant redistri-
bution of a-PKC to the cell periphery. This glucose-

induced redistribution was abolished when either man-
noheptulose, an inhibitor of glucose metabolism, or
nitrendipine, an inhibitor of calcium influx, were
added to the perifusate. We also examined changes in
the intracellular distribution of o-PKC in the $3-cells
of awake, unstressed rats that were given an intrave-
nous infusion of glucose. Immunocytochemical anal-
ysis of pancreatic sections from these rats demonstrated
a glucose-induced translocation of a-PKC to the cell
periphery of the (8-cells. These results demonstrate
that the metabolism of glucose can induce the redistri-
bution of a-PKC to the cell periphery of §8-cells, both
in isolated islets and in the intact animal, and suggest
that «-PKC plays a role in mediating glucose-induced
insulin secretion.

insulin secretion from the $-cells of the pancreatic

islets of Langerhans, with increases in ambient glu-
cose leading to a biphasic pattern of insulin release. Glucose
is an unusual secretagogue in that there is no membrane re-
ceptor responsible for transmembrane signal transduction.
Instead the intracellular metabolism of glucose leads to the
activation of several second messenger systems and subse-
quent secretion of insulin (Zawalich and Rasmussen, 1990;
Prentki and Matshinsky, 1987).

As extracellular glucose concentrations rise, high capacity
glucose transporters in the beta-cell plasma membrane allow
the rapid entry of glucose into the cell, where it is rapidly
metabolized. This increase in glucose metabolism leads to
several intracellular events including: (a) depolarization of
cell membrane; (b) influx of calcium through voltage-
dependent Ca®* channels; (c) accumulation of cAMP; (d)
the hydrolysis of membrane phosphatidylinositides (PI)! to
produce diacylglycerol (DAG) and inositol-triphosphates;

GLUCOSE is one of the major physiologic regulators of
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and (e) the possible de novo synthesis of DAG from glyco-
Iytic intermediates (Zawalich and Rasmussen, 1990; Prentki
and Matshinsky, 1987; Peter Riesch et al., 1988; Wollheim
and Sharp, 1981). The production of membrane DAG, either
from PI hydrolysis or de novo synthesis, together with the
increase in Ca®* influx can, in principle, activate the pro-
tein kinase C (PKC) family of enzymes (Nishizuka, 1986).

Protein kinase C is a family of calcium and phospholipid-
dependent kinases which have a widespread tissue distribu-
tion and are thought to play a crucial role in calcium-
dependent cellular activation in a variety of cell systems
(Nishizuka, 1986, 1988). The a-isoenzyme of PKC has been
shown to be present in 8-cells of pancreatic islets (Onoda et
al., 1990), and has been shown to be activated when islets
are stimulated with non-fuel secretagogues such as carba-
chol and cholecystokinin (Persaud et al., 1991; Karlsson
and Ahren, 1991; Easom et al., 1990). These agonists are
thought to work through classic receptor-coupled G-protein
to activate PI-specific phospholipase C, leading to DAG
production and PKC activation. However, the role of PKC
during glucose-induced insulin secretion remains a matter of
controversy. We have recently reported that in freshly iso-
lated, perifused rat pancreatic islets, glucose-induced insulin
secretion is associated with a marked translocation of a-PKC
from the cytosol to the membrane fraction of islet homog-
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enates (Ganesan et al., 1990). Inhibition of PKC activity
with a low concentration (20 nM) of the PKC inhibitor stau-
rosporine can markedly decrease the sustained insulin secre-
tory response produced by high glucose concentrations (Za-
walich et al., 1991). These studies suggest that in freshly
isolated islets PKC is involved in glucose-induced insulin
secretion. However, several groups have been unable to de-
tect either translocation of PKC activity from cytosolic to
membrane fractions (a widely used marker of PKC activa-
tion), or an increase in the phosphorylation of the 80-kD
putative PKC substrate protein during glucose stimulation in
cultured rat pancreatic islets (Easom et al., 1990; Persaud
et al., 1989; Easom et al., 1989). Hence there is as yet no
consensus as to whether or not fuel agonists such as glucose
can induce the translocation and activation of PKC in 3-cells
(Metz, 1988;Wollheim and Regazzi, 1990).

To further examine the effect of glucose metabolism on
PKC in (3-cells, we have examined the intracellular localiza-
tion of a-PKC in B-cells by confocal immunofluorescence
microscopy using specific mAbs to «-PKC. These studies
were done both in freshly isolated perifused pancreatic islets
and in awake, unstressed rats given a glucose infusion. We
have been able to demonstrate that o-PKC is redistributed
from the cytoplasm to the cell periphery of 3-cells during
glucose-induced insulin secretion, both in isolated islets and
in the intact animal. This redistribution is dependent upon
both the metabolism of glucose and the glucose-dependent
increase in calcium influx. These results lend further support
for the hypothesis that the intracellular metabolism of fuel
molecules such as glucose can lead to the activation of PKC
in B-cells.

Materials and Methods

Islet Isolation and Perifusion

Islets were isolated from anesthetized male Sprague-Dawley rats weighing
between 260-360 g that were fed ad libatum. Briefly, the rats were anaesthe-
tized with pentobarbital (50 mg/kg), the bile duct was cannulated, and the
pancreas was inflated with ~30 ml of ice-cold Hank’s solution. The pan-
creas was removed by blunt dissection, minced with scissors, and digested
with collagenase (1.15 mg/ml Collagenase P; Boehringer-Mannheim Bio-
chemicals, Indianapolis, IN). Islets that were free of exocrine tissue con-
tamination were manually picked under a stereomicroscope with a 23-gauge
needle. Groups of 30-50 islets were loaded onto nylon filters and perifused
at a flow rate of 1 ml/min with bicarbonate-buffered media containing 115
mM NaCl, § mM KCl, 1 mM MgCl,, 2.2 mM CaCl,, 0.17% BSA, 24 mM
NaHCOs3, gassed with 95% 02/5% CO,, pH 7.4. The islets were perifused
for 30 min with 2.75 mM glucose to establish stable basal insulin secretory
rates, and were then perifused with medium supplemented with an appro-
priate agonist. In control islets the perifusion was continued with 2.75 mM
glucose alone. Serial samples of the perifusate were collected for insulin
analysis by RIA (Albana et al., 1972) using rat insulin as a standard.

At the end of perifusion, the islets were removed from the perifusion
chamber and immediately immersed in ice-cold 4% paraformaldehyde in
PBS (100 mM NaCl, 50 mM sodium phosphate, pH 7.4) for 30 min. The
islets were washed with ice-cold PBS, and transferred to gelatin-coated
glass slides, air dried, and stored at —20°C until processed for immunocy-
tochemistry.

In Vivo Glucose Infusion

Indwelling catheters were placed in the internal jugular vein and common
carotid arteries of male Sprague-Dawley rats, weighing between 300-350 g,
under pentobarbital anesthesia (50 mg/kg body weight). The right internal
jugular catheter was inserted and advanced to the right atrium and the left
carotid catheter was inserted and advanced to the level of the aortic arch.
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The catheters were filled with a heparin/polyvinylpyrrolidone solution,
sealed, and tunneled subcutaneously to the back of the neck, and external-
ized through a skin incision. After a minimum of a 4-d recovery period,
the animals were fasted overnight for 16-20 h, and the indwelling catheters
were opened. Catheter patency was maintained with an infusion of a heparin
(18 U/ml)-saline solution. The catheters were positioned so as to allow free
movement of the rat in the cage throughout the study. After a 30-60-min
equilibration period, an infusion of a 25% dextrose solution was begun
through the arterial line. The rate of infusion was adjusted to rapidly achieve
and maintain a plasma glucose concentration of 300-350 mg/100 ml.
Plasma glucose was measured in venous samples by the glucose oxidase
method using a glucose analyzer (Beckman Instruments, Inc., Palo Alto,
CA). In animals treated with glucose + mannoheptulose, 25% dextrose and
1.38 M mannoheptulose were infused in parallel, with the rate of infusion
adjusted to achieve plasma glucose concentration of 300-350 mg/100 ml.
Control animals were infused with saline alone. The rate of saline infusion
in control rats was adjusted to be similar to the rate of glucose infusion in
the rats made hyperglycemic, so that similar volumes were delivered. Ve-
nous blood was sampled every 5 min to measure plasma glucose, and ali-
quots of plasma were saved for determination of plasma insulin concentra-
tion by RIA using rat insulin as a standard (Albana et al., 1972). After 30
min of infusion, the animal was quickly rendered unconscious by an intrave-
nous bolus of pentobarbitol. The mediastinum was rapidly exposed, a 16-
gauge needle was introduced into the left ventricle, and the right atrium was
severed. The animal was perfused through the intracardiac needle, first with
75 ml of ice-cold Hank’s solution and then with at least 250 ml of ice-cold
4% paraformaldehyde in PBS to achieve rapid tissue fixation. The fluids
were perfused at a pressure of 90-100 mm Hg. The pancreas was removed
and immersed in ice-cold 4% paraformaldehyde/PBS for an additional 45
min. The pancreas was then rinsed with PBS and cryoprotected by an over-
night incubation in 20% sucrose at 4°C. The pancreas was then cut into
small pieces suitable for mounting and 20-um sections were cut on a
cryostat and placed on gelatin-coated microscope slides. These sections
were air dried and stored at —20°C until they were processed for immuno-
cytochemistry.

Immunoblotting

Groups of 80-100 isolated rat pancreatic islets were sonicated in 200 ul of
ice-cold homogenization buffer (20 mM Tris, pH 7.4, 0.5 mM EGTA, 50
uM leupeptin, | mM PMSEF, 0.1% BME, 25 ug/ml aprotinin, 10 uM pepsta-
tin A) and concentrated to 20 u1 by agitation under a vacuum (Vortex Evapo-
rator, Buchler Instruments, Fort Lee, NJ). These samples were separated
using 10% SDS-PAGE gels and electroblotted onto Immobilon-P mem-
branes (Millipore Corp., Bedford, MA). The membranes were successively
incubated with blocking buffer containing 150 mM NaCl, 3% BSA, 0.1%
Tween-20, 10 mM Na,PO,, pH 7.2, for 30 min at room temperature; with
PKC isozyme-specific mAb at a final concentration of 2 ug/ml (in incuba-
tion buffer containing 10 mM NayPO4, pH 7.2, 100 mM NaCl, 0.1%
Tween-20, and 0.1% BSA) for 3 h at room temperature; and with '?°I-protein
A in incubation buffer (0.5 uCi/ml) for 30 min. The membranes were thor-
oughly washed after each incubation with a buffer containing 100 mM
NaCl, 0.1% Tween-20, 10 mM Tris, pH 7.4. The membranes were then
dried and the immunoreactive bands visualized by autoradiography.

Rat brain cytosol was prepared as follows: the brain was dissected from
an anesthetized male Sprague-Dawley rat and was rapidly homogenized in
7.2 ml of buffer containing 20 mM Tris, pH 7.4, 250 mM sucrose, 10 mM
EGTA, 2 mM EDTA, 10 mM B-mercaptoethanol (BME), 50 uM leupeptin,
and 1 mM PMSF. The homogenate was centrifuged at 100,000 g for 45 min
and the supernatant was collected as rat brain cytosol.

The purified «-PKC was prepared as described previously from rat brain
cytosol (Ganesan et al., 1990), with final separation of PKC isozymes per-
formed by hydroxyl-apatite high performance liquid chromatography.

Immunocytochemistry

The samples (either fixed isolated islets or fixed pancreatic sections, pre-
pared as described above) were rehydrated with PBS for 15 min, and then
permeabilized by incubating for 15 min in PBS + 0.3% Triton X-100 (PBS-
TX). Aldehyde activity was quenched by incubating for 15 min in PBS-TX
+ 50 mM ammonium chloride. After rinsing thoroughly with PBS, the
samples were incubated for 15 min with 1% BSA to block nonspecific bind-
ing sites and then incubated with primary antibody diluted in PBS with
0.5% BSA and 0.15% Triton X-100 for at least 2 h at room temperature.
The PKC mAbs were purchased from Seikagaku America, Inc., and used
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at a final concentration of 5 ug/ml. The anti-insulin antibodies were pur-
chased from Accurate Labs, and used at 1:100 dilution. After rinsing thor-
oughly with PBS-TX, the samples were incubated with secondary antibody
(FITC-conjugated anti-mouse IgG from Sigma Chemical Co. [St. Louis,
MO} used at 1:100, Texas-Red conjugated anti-mouse IgG from Molecular
Probes, Inc. [Eugene, OR] used at 1:100, FITC-conjugated anti-guinea pig
IgG from Sigma Chemical Co. used at 1:100) for at least 1 h at room temper-
ature, rinsed with PBS-TX, and then mounted with 0.1% p-phenyldiamine
in 75% glycerol in distilled H>O under a glass coverslip. In double-label-
ing experiments, sections were incubated first with both primary antibodies
and then with both secondary antibodies simultaneously. In the preadsorp-
tion experiments, the dilute a-PKC mAb (at a final concentration of 5 pg/
ml) was incubated with purified «-PKC (final concentration of ~1 ug/mi)
for 30 min at room temperature, and then applied to the samples.

Confocal Microscopy

A Biorad MRC 500 confocal imaging system (Bio-Rad Laboratories, Palo
Alto, CA) using an argon laser was used to obtain thin optical slices through
the fixed, labeled tissue. Images presented here were obtained at sufficient
depth in the individual islets so that the §-cell core is well visualized. Pe-
ripheral slices of the islets were dominated by non-S8-cells that constitute
the mantle.

At least 5-10 islets from each of at least four separate islet preparations
were examined for each experimental condition. The results were repro-
duced by four separate investigators and multiple experiments were done
with the observers of the confocal microscopy being blinded to the perifu-
sion conditions of the islets being imaged to avoid observer bias. The pat-
terns of labeling were consistent from cell to cell within the islet, although
the total signal intensity could vary across a section as one focused deeper
into a given islet. This is probably due to decreasing antibody penetration
as one images deeper into the tissue.

Quantitation of signal intensity in peri-plasma membrane and cytosolic
regions was done through the use of AREA functions in the MRC software.
Peri-plasma membrane and cytoplasmic (excluding the nucleus) areas were
outlined manuaily and the calculated mean fluorescent intensity was ob-
tained for the delineated regions. Optical sections used for quantitation were
at sufficient depth in the islets such that the 8-cells were the predominant
cells in the sections. Images obtained were normalized (using BASE and
SCALE functions) before analysis, Only in cells which had a clearly dis-
cernible nucleus was quantitation of o-PKC distribution carried out. The
peri-plasma membrane regions outlined were ~v1-1.5 um wide. In control
(unstimulated) islets, it was difficult to discern peri-plasma membrane
regions. Areas of linear staining were used as guides to approximate the
peri-plasma membrane region of these cells. Data are presented as the ratio
of mean fluorescent intensity in the peri-plasma membrane region to the
mean fluorescent intensity of the cytoplasmic region. Results from 10-15
cells from three to five separate isolets from each of at least three separate
experiments were averaged for each condition tested. Statistics were done
using unpaired two-tailed #test.

Results

Immunoblotting of Pancreatic Islets with Monoclonal
PKC Antibodies

The mouse mAbs specific for the o, -, and y-isoenzymes
of PKC have been well characterized and used as specific
probes to examine the intracellular distribution of PKC in
several cell systems (Hidaka et al., 1988; Ito et al., 1988).
As shown in Fig. 1, these mAbs all recognized an 80-kD
band in rat brain cytosol that is consistent with the molecular
weight of PKC. Western blots of homogenized isolated rat
pancreatic islets that were probed with these mAbs revealed
that the «-PKC antibody detected a single band of 80 kD
which comigrates with purified a-PKC. The 3-PKC mAb
detected a single 80-kD band of low intensity. No bands were
visualized in homogenates of pancreatic islets by y-PKC
mAbs. These results indicate that these PKC mAbs are suit-
able as specific probes for immunocytochemical localization
of PKC isoenzymes in pancreatic islets.
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Figure 1. Western blots of rat brain cyotsol and homogenized rat
pancreatic islets probed with iscenzyme-specific mouse mAbs to
PKC. Samples of rat brain cytosol, homogenized rat pancreatic is-
lets, or purified o-PKC were run on SDS/8% polyacrylamide gels,
and electroblotted onto Immobilon-P membranes. The membranes
were incubated first with mAbs to the -, 8-, or y-PKC (lanes o,
B, and vy, respectively) and then incubated with '*I-protein A.
The immunoreactive bands were visvalized by autoradiography.

Localization of «-PKC to the 3-Cells of Isolated Rat
Pancreatic Islets

Isolated rat pancreatic islets that had been perifused with
substimulatory glucose concentrations (2.75 mM) were fixed
in 4% paraformaldehyde, detergent-permeabilized, labeled
with the o-PKC mAb and a fluorescently tagged secondary
antibody, and the staining was visualized by immunofiuores-
cent confocal microscopy. These islets showed an intense,
predominantly cytoplasmic staining of most of the cells in
the core of the islet (Fig. 2 A). A layer of cells in the periph-
ery of the islets is unlabeled (data not shown). This pattern
of staining is consistent with the a-PKC being localized to
the 8-cell of pancreatic islets. Double-labeling experiments
using a polyclonal antibody to insulin as well as the a-PKC
mAD reveal that both antibodies label the same population
of cells in the islet, confirming that o-PKC immunoreactivity
is localized to the B-cells (Fig. 2, 4 and D). To ensure that
the apparent colabeling was not artifactual, it was confirmed
that labeling of islets with either the insulin or the o-PKC
antibody alone gave a pattern of labeling similar to that seen
by that same antibody in the double-labeling experiment
(data not shown). When the a-PKC mAb was preincubated
with purified «-PKC, the labeling of cells in the pancreatic
islets was greatly reduced, indicating that the antibody bind-
ing is specific for -PKC (Fig. 2 E). Preincubation of o-PKC
mADb with unrelated proteins did not affect labeling of the is-
lets (data pot shown). Isolated rat pancreatic islets incubated
with 8-PKC mADb display intense labeling of a small popula-
tion of cells located mainly in the periphery of the islet (Fig.
2 B). The anatomical localization of these cells is consistent
with the localization of the glucagon secreting a-cells of the
pancreatic islet. The 8-PKC mAb also labels occasional cells
scattered throughout the islet (data not shown). The identity
of these cells is unclear but they may be nonendocrine
mesenchymal cells or endothelial cells. There is no labeling
of any cells in the islet with the y-PKC mAb (Fig. 2 C).
These results are consistent with previous studies showing
that o-PKC is localized to 8-cells and 8-PKC is localized to
the a-cells of pancreatic islets (Onoda et al., 1990).
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Figure 2. Immunofluorescence localization of «-, 8-, and y-PKC in rat pancreatic islets. Freshly isolated rat pancreatic islets were perifused
in media supplemented with 2.75 mM glucose, fixed in 4% paraformaldehyde, detergent permeabilized, and labeled with mAbs specific
to a-PKC (4), 8-PKC (B), and v-PKC (C). The labeling was visualized by confocal immunofiuorescent microscopy. D shows the same
field as A, labeled with a polyclonal anti-insulin antibody. E shows labeling of an islet with the mAb to «-PKC that had been preincubated
with an excess of purified «-PKC. F shows a negative control in which the islet was not exposed to the primary antibody. All images shown
represent optical slices taken at sufficient depth in the isolated islets such that the majority of cells visualized should be 3-cells. Bar, 25 uM.

Intracellular Localization of a-PKC in Pancreatic
Islets Stimulated with a Phorbol Ester

Phorbol esters are pharmacologic activators of PKC that
cause the membrane association and catalytic activation of
PKC (Nishizuka, 1986). To ensure that our immunocyto-
chemical technique could detect significant changes in the
intracellular distribution of a-PKC, we examined a-PKC lo-
calization in control and phorbol ester-stimulated islets. Is-
lets that were perifused with bicarbonate-buffered medium
supplemented with 2.75 mM glucose alone showed stable
baseline rates of insulin secretion. At the end of the perifu-
sion, the islets were rapidly fixed by immersion in 4%
paraformaldehyde, and were processed for immunocyto-
chemistry with a mouse mAb specific for a-PKC. Visualiza-
tion of the o-PKC signal by confocal immunofluorescent mi-
croscopy showed that the unstimulated islets had a diffusely
cytoplasmic distribution of the a-PKC signal (Fig. 3 B). Is-
lets that were perifused for 15 min with bicarbonate-buffered
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medium supplemented with 2.75 mM glucose + 200 nM of
the phorbol ester TPA showed a slowly rising pattern of insu-
lin secretion (Fig. 3 A). Confocal immunofluorescent mi-
croscopy using an «-PKC mAb showed that there was
marked redistribution of the «~PKC immunoreactivity to the
cell periphery of the 3-cells of the islets that were perifused
with TPA (Fig. 3, A and B). This redistribution of o-PKC
was consistent in cells throughout a given islet (although the
intensity of overall labeling decreased as one imaged the cen-
ter of the islets secondary to decreased antibody penetration)
and was consistent between different islets from the same rat
and between different islet preparations. There was no in-
crease in a-PKC immunoreactivity either in the nucleus or
the perinuclear region. Quantitative analysis was performed
by calculating the ratio of the mean fluorescent intensity of
a peri-plasma membrane region to the mean fluorescent in-
tensity of the cytoplasmic region in groups of 8-cells. This
analysis revealed that there was a significant increase in the
peri-plasma membrane «-PKC signal in the 8-cells of islets
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Figure 3. Confocal immunofluorescence localization of «-PKC in
pancreatic islets stimulated with phorbol ester. Freshly isolated
pancreatic islets were initially perifused for 30 min with a bicar-
bonate-buffered media supplemented with 2.75 mM glucose, and
then perifused for an additional 15 min with media supplemented
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stimulated with TPA as compared to control islets (see Fig.
8). These results also validate our immunocytochemical pro-
tocol as being sensitive enough to detect changes in the intra-
cellular distribution of «-PKC.

Intracellular Localization of a-PKC in Pancreatic
Islets Stimulated with Glucose

Islets that were perifused with 2.75 mM glucose alone
showed low stable rates of insulin secretion as well as a pre-
dominantly cytoplasmic pattern of o-PKC immunoreactivity
(Fig. 4, A and B). Islets that were perifused for 15 min with
either 10 or 20 mM glucose exhibited a biphasic insulin
secretory response with a greater than 15- or 50-fold in-
crease, respectively, in the secretory rate over control islets
perifused with 2.75 mM glucose alone (Fig. 4 A). Rapid fixa-
tion and immunocytochemical analysis revealed that there
was a marked redistribution of o-PKC immunoreactivity to
the periphery in islets stimulated with either 10 or 20 mM
glucose (Fig. 4, C and D). This redistribution was consis-
tently observed in beta-cells throughout a given islet, and
was consistent from islet to islet in a given preparation, and
between islets from different preparations. This redistribu-
tion has been observed by four separate investigators in over
100 islets from over 10 separate islet preparations. Multiple
experiments were also performed with the islet perifusion
conditions being kept blinded from the observers of the islet
immunocytochemistry to eliminate observer bias in the in-
terpretation of the results. Quantitative analysis of the
fluorescent images showed that there was a significant in-
crease in the relative signal intensity in the peri-plasma
membrane region of the islets stimulated with either 10 or
20 mM glucose as compared to control islets perifused with
2.75 mM glucose alone (see Fig. 8). There was also a sig-
nificant increase in the relative peri-plasma membrane inten-
sity of a-PKC labeling in islets stimulated with 20 mM glu-
cose as compared to islets stimulated with 10 mM glucose
(see Fig. 8).

There was maximal redistribution of a-PKC in response
to 20 mM glucose as early as 5 min after stimulation (Fig.
5 B). (Time points earlier than 5 min after stimulation can-
not be accurately assessed due to the dead space of the peri-
fusion system.) When the perifusion with 20 mM glucose
was extended to 30 min, the a-PKC redistribution was also
maintained showing that o-PKC translocation persists as
long as the high glucose stimulus is present (Fig. 5 D).

Double-labeling studies using both an antibody to insulin
and the a-PKC mAb revealed that in islets perifused with
20 mM glucose for 15 min, the insulin labeling remained
largely cytoplasmic while the «-PKC signal was largely re-
distributed to the cell periphery (Fig. 6).

with either 2.75 mM glucose + 200 nM TPA or with 2.75 mM glu-
cose alone. At the end of the perifusion, the islets were immersed
in 4% paraformaldehyde and processed for confocal immunofluo-
rescence microscopy using the o-PKC mAb. (4) Insulin secretory
responses of islets perifused with either 2.75 mM glucose + 100
nM TPA (e—e) or with 2.75 mM glucose alone (0—0). (B and
C) Confocal immunofluorescent images of a-PKC labeling in islets
perifused for 15 min with either 2.75 mM glucose (B) or with 2.75
mM glucose + 100 mM TPA (C). Bar, 10 uM.
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Figure 4. Confocal immunofluorescence localization of a-PKC in pancreatic islets perifused with stimulatory glucose concentrations.
Freshly isolated rat pancreatic islets were initially perifused for 30 min in a bicarbonate-buffered media supplemented with 2.75 mM glu-
cose, and then perifused for an additional 15 min with either 2.75 mM glucose, 10 MM glucose, or 20 mM glucose. At the end of the
perifusion, the islets were processed for confocal immunofiuorescence microscopy using the «-PKC mAb. (4) Insulin secretory responses
of islets stimulated with either 2.75 mM glucose (0—o0), 10 mM glucose (@—e), or 20 mM glucose (l—M). The arrow marks the
beginning of the high glucose perifusion. (B-D) Confocal images showing a-PKC labeling in islets perifused for 15 min with 2.75 mM
glucose (B), 10 mM glucose (C), or 20 mM glucose (D). Bar, 25 uM.

Inhibition of Glucose-induced Insulin Secretion
and a-PKC Redistribution by Inhibiting either Glucose
Metabolism or Calcium Influx

Mannoheptulose has been established to be a potent and
specific inhibitor of glucokinase activity {Coore and Randle,
1964; Matschinsky, 1990). Inhibition of glucokinase activ-
ity with mannoheptulose will prevent the increased glucose
metabolism induced by elevated glucose levels, and thus pre-
vent glucose-induced insulin secretion (Zawalich et al.,
1978). To investigate whether the redistribution of a-PKC
seen during glucose-induced insulin secretion is dependent
upon the metabolism of glucose, we examined the intracellu-
lar distribution of a-PKC of islets exposed to high glucose
concentrations in the presence of mannoheptulose. In islets
perifused with 20 mM glucose + 30 mM mannoheptulose,
both the biphasic insulin secretory response and the translo-
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cation of a-PKC immunoreactivity to the cell periphery seen
in islets stimulated with 20 mM glucose were abolished (Fig.
7, A-C). Quantitative analysis showed no significant differ-
ence in the relative peri-plasma membrane intensity of the
«-PKC signal in islets stimulated with 20 mM glucose + 30
mM mannoheptulose as compared with control islets peri-
fused with 2.75 mM glucose alone (Fig. 8).

The metabolism of glucose during glucose-induced insu-
lin secretion is known to cause an increase in calcium influx
through L-type calcium channels in the 8-cell. To investigate
whether the redistribution of a-PKC that we observed during
glucose-induced insulin secretion is dependent upon this
increase in calcium influx, we examined the intracellular
«-PKC distribution in glucose-stimulated islets in the pres-
ence of the calcium channel blocker nitrendipine. In islets
perifused with 20 mM glucose + 500 nM nitrendipine both
the biphasic insulin secretory response as well as the associ-
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Figure 5. Time course of redistribution of a-PKC during glucose-induced insulin secretion. Freshly isolated rat pancreatic islets were ini-
tially perifused for 30 min in a bicarbonate-buffered media supplemented with 2.75 mM glucose, and then perifused with media supple-
mented with 20 mM glucose. After perifusion with 20 mM glucose for 5, 15, or 30 min, islets were immersed in 4% paraformaldehyde
and processed for immunocytochemistry using the «-PKC mAb as described in Materials and Methods. (4) Confocal secretion showing
immunofluorescence labeling of «-PKC in an islet perifused with 2.75 mM glucose for 30 min. (B-D) Confocal images of a-PKC labeling
in islets perifused with 20 mM glucose for 5 (B), 15 (C), or 30 min (D). Time matched controls for these three time points that were
perifused with 2.75 mM glucose demonstrated patterns of a-PKC labeling that were identical to that seen in A (not shown). Bar, 25 um.

ation of o-PKC immunoreactivity with the plasma mem-
brane were markedly reduced (Fig. 7, A and D). Quantitative
analysis showed no significant difference in the relative peri-
plasma membrane intensity of the «-PKC signal in islets
exposed to 20 mM glucose + 500 nM nitrendipine as com-
pared with islets perifused with 2.75 mM glucose alone
(Fig. 8).

Intracellular Localization of o-PKC in the 3-Cells of
Awake Rats Given an Intravenous Infusion of Glucose

To investigate whether the glucose-induced redistribution of
a-PKC that we observed in isolated rat pancreatic islets was
also seen in B-cells of intact animals made hyperglycemic,
we examined the intracellular distribution of «-PKC in the
B-cells of awake, unstressed rats given an intravenous infu-
sion of glucose.

Adult Sprague-Dawley rats weighing between 250-350 g
had chronic indwelling venous and arterial catheters placed.
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Rats that were then subjected to a 16-20-h overnight fast and
infused with normal saline for 30 min showed both stable
plasma glucose concentrations of 105-115 mg/dl (5-5.5
mM) and stable plasma insulin concentrations of 2.5-3.5
ng/ml (Fig. 9 A). The rats were then rapidly anaesthetized
and perfused with 4% paraformaldehyde to achieve rapid tis-
sue fixation. Immunocytochemical analysis of sections of
fixed pancreata from these rats showed that the islets of
Langerhans were intensely labeled with the a-PKC mAb
(Fig. 9 B). In the 3-cells, the a-PKC immunoreactivity was
distributed mostly in the cytosol with little or no linear stain-
ing at the cell peripheries (Fig. 9 B).

Fasted rats that were given an arterial glucose infusion ad-
Jjusted to rapidly achieve and maintain a plasma glucose con-
centration of 300-350 mg/dL (16.7-19.5 mM) exhibited a
biphasic pattern of insulin secretion with mean plasma insu-
lin levels of 19.2 + 2.0 ng/ml after 30 min of glucose infu-
sion (Fig. 9 C). Rapid fixation of the animal tissues and im-
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Figure 6. Localization of insulin and a-PKC in glucose-stimulated
islets. Freshly isolated rat pancreatic islets were initially perifused
for 30 min in a bicarbonate-buffered media supplemented with 2.75
mM glucose, and then perifused for an additional 15 min with me-
dia supplemented with 20 mM glucose. After the perifusion the
islets were immersed in 4% paraformaldehyde and processed for
immunocytochemistry, double-labeling with both an anti-insulin
antibody and the a-PKC mAb. Confocal images of the insulin label-
ing (4) and the a-PKC labeling (B) are shown for a representative
B-cell. Bar, 5 uM.

munocytochemical analysis of the pancreas from these
animals showed that there was a redistribution of a-PKC to
the periphery of §-cells as seen by a marked increase in lin-
ear staining at the periphery of these cells (Fig. 9 D). These
experiments were performed in at least three separate
animals and identical results were obtained each time. Quan-
titation of the fluorescent images revealed a significant in-
crease in the relative fluorescent intensity of the peri-plasma
membrane region in 8-cells from rats infused with glucose
as compared to that from rats infused with saline (the aver-
age ratio of mean fluorescent intensity of the peri-plasma
membrane region to the mean fluorescent intensity of the
cytosolic region was 1.06 + 0.03 in S-cells from control rats
as opposed to 1.43 + 0.07 in B-cells from rats given a glu-
cose infusion, P < 0.005).

When fasted rats were infused with equimolar quantities
of glucose and mannoheptulose, with the rate of infusion ad-
justed to rapidly achieve and maintain a plasma glucose con-
centration of 300-350 mg/dL (16.7-19.4 mM), the insulin
secretory response normally induced by these elevated
plasma glucose concentrations was abolished (data not
shown). Immunocytochemical analysis of the pancreata of
these rats revealed that there was no redistribution of a-PKC
in the 8-cells, with the a-PKC remaining predominantly cy-
toplasmic (data not shown).

Discussion

We have demonstrated that the intracellular metabolism of
glucose can induce the translocation of o-PKC from the
cytosol to the cell periphery in 8-cells of the pancreatic islets
of Langerhans during glucose-induced insulin secretion,
both in isolated rat pancreatic islets and in intact animals
(Figs. 4 and 9). These data are consistent with our earlier
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observation that glucose metabolism can induce the translo-
cation of -PKC from a soluble (cytosolic) to a particulate
(membrane) fraction as assessed by Western blotting of sub-
cellular fractions of freshly isolated, perifused rat islets
{Ganesan et al., 1990). These results establish that PKC can
be translocated by certain agonists through mechanisms that
do not require activation of a transmembrane receptor. We
have also demonstrated that this redistribution of a-PKC
during glucose-induced insulin secretion is dependent upon
both glucose metabolism and calcium influx (Figs. 7 and 8).
These results are in agreement with earlier studies showing
that the hydrolysis of phosphatidylinositides stimulated dur-
ing glucose-induced insulin secretion is dependent upon
both the metabolism of glucose and the influx of calcium
(Zawalich and Zawalich, 1988). Given these results, it is rea-
sonable to propose the following chain of events as linking
glucose metabolism to «-PKC redistribution: as glucose is
metabolized, ATP levels rise leading to inhibition of ATP-
sensitive K* channels (Ashcroft et al., 1973; Arkhammar et
al., 1987), cell membrane depolarization, and influx of cal-
cium through voltage-gated L-type calcium channels (Cook
et al., 1988). This increased calcium influx leads to activa-
tion of the Ca**-dependent PI-specific PLC, with the subse-
quent generation of IP3 and DAG (Peter Riesch et al., 1988;
Zawalich and Zawalich, 1988; Best, 1986; Turk et al.,
1986). Additional DAG may be generated by de novo synthe-
sis from glycolytic intermediates (Peter Riesch et al., 1988).
The combination of increased Ca?* influx and increased
DAG in the plasma membrane induces the redistribution of
o-PKC to the cell periphery.

The exact localization of a-PKC when it redistributes to
the cell periphery remains unclear. One possibility is that
o-PKC binds directly to the plasma membrane as has been
demonstrated in some cell systems (Ito et al., 1988). Other
possibilities include association with specific PKC recep-
tor proteins (Mochly-Rosen et al., 1991), with cytoskeletal
elements at the cell periphery (Jaken et al., 1989; Mochly-
Rosen et al,, 1990), or with marginated vesicles. Experi-
ments in progress to localize o-PKC by immunocytochemis-
try at the electron microscope level may help differentiate
among these possibilities. Also of note is the fact that phor-
bol esters and glucose both cause a-PKC to redistribute
to the cell periphery in §-cells, but nuclear labeling is un-
changed. It has been recently reported that phorbol esters
can induce the translocation of «-PKC to the perinuclear re-
gion in NIH 373 cells (Leach et al., 1989). These differences
in phorbol ester-induced redistribution of «-PKC suggest
that there may be distinct mechanisms to target «-PKC to ei-
ther the cell periphery, as in S-cells, or to the perinuclear re-
gion, as in NIH 3T3 cells. One possibility is that PKC recep-
tor proteins are differentially distributed in different cell
types, and thus dictate the localization of activated PKC.
There is as yet no experimental evidence to support this hy-
pothesis.

It is of note that the degree of redistribution to the cell pe-
riphery of a-PKC seen in $-cells in intact animals in re-
sponse to an intravenous infusion of glucose, is less than that
seen in freshly isolated islets perifused with similar high glu-
cose concentrations. This difference is probably due to sev-
eral factors. In the intact animal, the presence of other
counter-regulatory neural and hormonal signals, e.g., epi-
nephrine, may act upon the 3-cell and cause a reduction in
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Figure 7, Effect of mannoheptulose or nitrendipine on glucose-induced redistribution of a-PKC. Freshly isolated rat pancreatic islets were
initially perifused for 30 min in a bicarbonate-buffered media supplemented with 2.75 mM glucose, and then perifused for an additional
15 min with either 2.75 mM glucose, 20 mM glucose, 20 mM glucose + 30 mM mannoheptulose, or 20 mM glucose + 200 nM nitrendi-
pine. At the end of the perifusion, the islets were immersed in 4% paraformaldehyde and processed for confocal immunofluorescence mi-
croscopy using the o-PKC mAb. (A4) Insulin secretory response of islets perifused with 2.75 mM glucose (0—0), 20 mM glucose
(B—M), 20 mM glucose + 30 mM mannoheptulose (¢—4 ), or 20 mM glucose + 200 nM nitrendipine (A——-4A). (B-D) Confocal
images showing o-PKC labeling in islets perifused with 2.75 mM glucose (not shown), 20 mM glucose (8), 20 mM glucose + 30 mM
mannoheptulose (C), or 20 mM glucose + 500 nM nitrendipine (D). Bar, 25 uM.
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Figure 8. Quantitation of relative membrane-associated a-PKC im-
munofluorescence in isolated islets. Fluorescence images obtained
on the BioRad MRC 500 Confocal Imaging System were quanti-
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the extent of «-PKC translocation in response to glucose.
Also a-PKC may dissociate from the membrane during the
several minutes between the time when the animal is ren-
dered unconscious and fixation of the tissues with parafor-

tated using the AREA function. Peri-plasma membrane and cyto-
solic areas of labeled 3-cells were manually outlined, and the mean
fluorescent intensities of the delineated regions were calculated.
These calculations were performed for at least 10-15 cells from
each of three to five islets from at least three separate islet prepara-
tions for each of the conditions shown. Results are presented as the
average ratio of the mean fluorescent intensity of the peri-plasma
membrane region to the mean fluorescent intensity of the cytosolic
regions for islets perifused for 15 min with 2.75 mM glucose
(G2.75), G2.75 + 100 nM TPA (TP4), 10 mM glucose (GI0), 20
mM glucose (G20), 20 mM glucose + 30 mM mannoheptulose
(G20 + MH), 20 mM glucose + 500 nM nitrendipine (G20
+ NIR). (*P < 0005, **P < 005 when compared to G 2.75;
P < 005 for G10 compared to G20.)
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Figure 9. Immunofluorescence localization of o-PKC in 3-cells during glucose-induced insulin secretion in awake rats. Rats in which indwel-
ling venous and arterial catheters were placed were subjected to an overnight fast and given a 30-min infusion of either normal saline
(4 and B) or 25% glucose (B and C) as described in Materials and Methods. The glucose infusion was adjusted to rapidly achieve and
maintain a plasma glucose concentration of 300-350 mg/100 dl (16.7-19.4 mM). Plasma glucose and insulin concentrations were measured
every S min and are plotted in A and C (data shown is the mean of at least three experiments + SE). At the end of the infusion, the animals
were rapidly anesthetized and perfused with 4% paraformaldehyde. Sections of the pancreas were labeled with a mouse mAb specific for
«-PKC and the labeling was visualized by immunofluorescent confocal microscopy. B and D are representative confocal sections showing
a-PKC labeling in pancreatic sections taken from rats given an infusion of normal saline (B) or glucose (D). The experiments have been
repeated at least three times for each condition with identical results. Bar, 25 uM.

maldehyde is achieved, thereby reducing the amount of
plasma membrane associated «-PKC measured.

There was some heterogeneity in the degree of glucose-
induced o-PKC translocation in different 8-cells in a given
islet, notable especially in the pancreatic slices from the in-
tact animal (Figs. 4 and 9). One explanation for this observa-
tion is that the heterogeneity of o-PKC redistribution may
reflect the intrinsic heterogeneity of the response of in-
dividual 8-cells to glucose. This heterogeneity of 8-cell re-
sponse has been reported for glucose-induced insulin bio-
synthesis (Kiekens et al., 1992). Alternately, this apparent
heterogeneity may simply reflect variable antibody penetra-
tion through the islet.

The data presented in this study also demonstrate that
there is no simple correlation between the extent of o-PKC
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translocation and magnitude of insulin secretory rates in-
duced by an agonist. Although glucose stimulates both in-
sulin secretion and «-PKC translocation in a dose-depen-
dent fashion, 100 nm TPA induces approximately the same
amount of a-PKC translocation as 20 mM glucose, but stim-
ulates insulin secretion to a far lesser degree (Figs. 3, 4, and
8). This difference in the effectiveness of glucose and TPA
as secretagogues is probably due to the fact that unlike TPA,
high glucose stimulates a variety of signal transduction
events, such as the accumulation of cAMP and increases in
calcium influx, that can act synergistically with PKC to
stimulate insulin secretion (Rasmussen et al., 1990). This
hypothesis is supported by studies showing that pharmaco-
logic activation of calcium influx (tolbutamide or iono-
phores), and pharmacologic activation of cCAMP accumula-
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tion (forskolin) can interact synergistically with phorbol
esters to enhance insulin secretion (Zawalich et al., 1983,
1984).

‘We have recently reported that the extent of phosphoryla-
tion of the 80-kD putative PKC substrate protein MARCKS
is increased in isolated islets stimulated with high glucose,
implying that PKC is activated during glucose-induced insu-
lin secretion (Calle et al., 1992). The results of this study
and our present study differ from the results of several recent
studies using cultured rat islets, wherein it has been reported
that there was neither detectable translocation of PKC activ-
ity to membrane fractions nor phosphorylation of the 80-kD
putative PKC substrate protein in response to high glucose
concentrations (Easom et al., 1989; Persaud et al., 1989;
Easom et al., 1990). However, these cultured islets display
a markedly attenuated insulin secretory response to high
glucose, having ~10% of the secretory response to high glu-
cose normally seen in either freshly isolated islets in the per-
fused pancreas or in the intact animal (Ganesan et al., 1990;
Curry et al., 1968; Gerich et al., 1974; Grill et al., 1978).
One explanation for these discrepancies is that there may be
fundamental alterations in the signal transduction mecha-
nisms activated by glucose in cultured islets, as opposed to
those activated in freshly isolated islets. The process of cul-
turing islets may uncouple glucose metabolism from the acti-
vation of PKC, leading both to the markedly reduced insulin
secretory response and lack of detectable PKC translocation
or PKC activation upon stimulation with glucose. As «-PKC
translocation in response to high glucose has been demon-
strated both in freshly isolated islets and in the intact animal,
but not in cultured islets, freshly isolated islets may more
closely reflect islet physiology in the intact animal. Another
explanation for the difference in results may be that the mea-
surement of enzyme activity used in these other studies is
less sensitive than the immunocytochemical techniques used
in our present study.

The data presented in this paper demonstrate that the in-
tracellular metabolism of glucose that occurs during glu-
cose-induced insulin secretion can cause the redistribution
of a-PKC to the cell periphery of $-cells, both in isolated
islets and in the intact animal. These results suggest that
«-PKC may play an important role in the cellular events un-
derlying glucose-induced insulin secretion.

This work was supported by Grants NIDDK-19813, and NIDDK-41230
from the National Institutes of Health (NIH). S. Ganesan is a recipient of
a Merck M.D./Ph.D. Fellowship. R. Calle is a recipient of a fellowship
from the Robert Wood Johnson Foundation and a Clinical Investigator
Award (DK-02054) from the NIH. We also thank S. Marhars Inc. for sup-
port of the Dynamic Microscopy Facility of the Department of Cell
Biology.

Received for publication 8 May 1992 and in revised form 9 July 1992.

References

Albana, J. D. M., R. P. Ekins, B. Maritz, and R. C. Turner. 1972. A sensitive,
precise radioimmunoassay of serum insulin relying on charcoal separation
of bound and free moieties. Acta Endocrinol. 70:487-509.

Arkhammar, P., T. Nilsson, P, Rorsmann, and P.-O. Berggren. 1987. In-
hibition of ATP-regulated K+ channels precedes depolarization-induced in-
crease in cytoplasmic free Ca2+. J. Biol. Chem. 262:5448-5454.

Asheroft, S., L. C. C. Weerasinghe, and P. J. Randle. 1973. Interrelationship
of islet metabolism, adenosine triphosphate content and insulin release. Bio-
chem. J. 132:223-231.

Best, L. 1986. A role for calcium in the breakdown of inositol phospholipids

Ganesan et al. Protein Kinase C Translocation in B-Cells

in intact and digitonin-permeabilized pancreatic islets. Biochem. J. 238:
773-779.

Calle, R., S. Ganesan, J. Smallwood, and H. Rasmussen. 1992. Glucose-
induced phosphorylation of MARCKS protein in rat islets. J. Biol. Chem.
267:18723-18727.

Cook, D. L., L. S. Satin, M. L. J. Ashford, and N. C. Hales. 1988. ATP-
sensitive K+ channels in pancreatic B-cells: spare channel hypothesis. Dia-
betes. 37:495-498.

Coore, H. G., and P. J. Randle. 1964, Inhibition of glucose phosphorylation
by mannoheptulose. Biochem. J. 91:56-59.

Curry, D. L., L. L. Benett, and B. M. Grodsky. 1968. Dynamics of insulin
secretion by the perfused rat pancreas. Endocrinology. 83:572-584.

Easom, R. A., . H. Hughes, M. Landt, B. A. Wolf, J. Turk, and M. L.
McDaniel. 1989, Comparison of effects of phorbol esters and glucose on pro-
tein kinase C activation and insulin secretion in pancreatic islets. Biochem.
J. 264:27-33.

Easom, R. A, M. Landt, J. R. Colca, J. H. Hughes, J. Turk, and M. McDaniel.
1990, Effects of insulin secretagogues on protein kinase C-catalyzed phos-
phorylation of an endogenous substrate in isolated pancreatic islets. J. Biol.
Chem. 265:14938-14946.

Ganesan, S., R. Calle, K. C. Zawalich, . I. Smallwood, W, $. Zawalich, and
H. Rasmussen. 1990. Glucose-induced translocation of protein kinase C in
rat pancreatic islets. Proc. Natl. Acad. Sci. USA. 87:9893-9897.

Gerich, J. E., M. A. Charles, and G. M. Grodsky. 1974, Characterization of
the effects of arginine and glucose on glucagon and insulin release from the
perfused rat pancreas. J. Clin. Invest. 54:833-841.

Grill, B., U. Adamson, and E. Cerasi. 1978. Immediate and time-dependent
effects of glucose on insulin release from rat pancreatic tissue. J. Clin. Invest.
1034-1043.

Hidaka, H., T. Tanaka, K. Onoda, M. Hagiwara, M. Watanabe, H. Ohta, Y.
Ito, M. Tsurudome, and T. Hoshida. 1988. Cell type-specific expression of
protein kinase C isozymes in the rabbit cerebellum. J. Biol. Chem. 263:
4523-4526.

Ito, T., T. Tanaka, T. Yoshida, K. Onoda, H. Ohta, M. Hagiwara, Y. Itoh,
M. Ogura, H. Saito, and H. Hidaka. 1988. Immunocytochemical evidence
for translocation of protein Kinase C in human megakaryoblastic leukemic
cells: synergistic effects of Ca+ + and activators of protein kinase C on the
plasma membrane association. J. Cell Biol. 107:929-937,

Jaken, S., K. Leach, and T. Klauck. 1989. Association of Type 3 protein kinase
C with focal contacts in rat embryo fibroblasts. J. Cell. Biol. 109:697-704.

Karlsson, S., and B. Ahr'en. 1991.Choelcystokinin-stimulated insulin secretion
and protein kinase C in rat pancreatic islets. Acta Physiol. Scand. 142:397-
403.

Kiekens, R., P. In’t Veld, T. Mahler, F. Schuit, M. Van De Winkel, and D. G.
Pipeleers. 1992. Differences in glucose recognition by individual rat pan-
creatic beta-cells are associated with intracellular differences in glucose-
induced biosynthetic activity. J. Clin. Invest. 89:117-125.

Leach, K. L., E. A, Powers, V. A. Ruff, S. Jaken, and S. Kaufmann. 1989.
Type 3 protein kinase C localization to the nuclear envelope of phorbol ester-
treated NIH 3T3 cells. J. Cell Biol. 109:685-695.

Matschinsky, F. M. 1990. Glucokinase as glucose sensor and metabolic signal
generator in pancreatic beta-cells and hepatocytes. Diabetes. 39:647-652.

Metz, S. A. 1988. Is protein kinase C required for physiologic insulin release?
Diabetes. 37:3-7.

Mochly-Rosen, D., C. J. Henrich, L. Cheever, H. Khaner, and P. C. Simpson.
1990. A protein kinase C isozyme is translocated to cytoskeletal elements
on activation. Cell Regul. 1:693-706.

Machly-Rosen, D., H. Khaner, J. Lopez, and B. L. Smith. 1991. Intracellular
receptors for activated protein kinase C. Identification of a binding site for
the enzyme. J. Biol. Chem. 266:14866-14868.

Nishizuka, Y. 1986. Studies and perspectives on protein kinase C. Science
(Wash, DC). 233:305-311.

Nishizuka, Y. 1988. The molecular heterogeneity of protein kinase C and its
implications for cellular regulation. Nature (Lond.). 334:661-665.

Onoda, K., M. Hagiwara, T. Hachiya, N. Usuda, T. Nagata, and H. Hidaka.
1990. Different expression of protein kinase C isozymes in pancreatic islet
cells. Endocrinology. 126:1235-1242.

Persaud, 8. J., P. M. Jones, D. Sugden, and S. L. Howell. 1989, Translocation
of protein kinase C in rat islets of Langerhans: effects of a phorbol ester, car-
bachol and glucose. FEBS (Fed. Eur. Biochem. Soc.} Letts. 245:80-84.

Persaud, S. J., P. M. Jones, and S. L. Howell. 1991. Activation of protein ki-
nase C is essential for sustained insulin secretion in response to cholinergic
stimulation. Biochim. Biophys. Acta. 1091:120-122.

Peter Riesch, B., M. Fathi, W. Schlegel, and C. B. Wollheim. 1988. Glucose
and carbachol generate 1,2-diacylglycerols by different mechanisms in pan-
creatic islets, J. Clin. Invest. 81:1154-1161.

Prentki, M., and F. M. Matshinsky. 1987. Ca2+, cAMP, and phospholipid-
derived messengers in coupling mechanisms of insulin secretion. Phys. Rev.
67:1184-1248.

Rasmussen, H., K. C. Zawalich, S. Ganesan, R. Calle, and W. S. Zawalich.
1990, Physiology and pathophysiology of insulin secretion. Diabetes Care.
13:655-666.

Turk, J., B. A. Wolf, and M. L. McDaniel. 1986. Glucose-induced accumula-
;ign of inositol triphosphates in isolated pancreatic islets. Biochem. J. 237:

9-263.

323



Wollheim, C. B., and R. Regazzi. 1990. PKC in insulin releasing cells. Putative
role in stimulus secretion coupling. FEBS (Fed. Eur. Biochem. Soc.) Letts.
268:376-380.

Wollheim, C. B., and G. W. G. Sharp. 1981. Regulation of insulin release by
calcium. Physiol. Rev. 61:914-973,

Zawalich, W. 8., and H. Rasmussen. 1990. Control of insulin secretion: a
model involving Ca2 +, cAMP and diacylglycerol. Mol. Cell. Endocrinol.
70:119-137.

Zawalich, W. S., and K. C. Zawalich. 1988. Phosphoinositide hydrolysis and
insulin release from isolated perifused rat islets. Studies with glucose. Diabe-
tes. 37:1294-1300.

Zawalich, W. S., E. S. Dye, R. Rognstad, and F. M. Matschinsky. 1978. On

The Journal of Cell Biology, Volume 119, 1992

the biochemical nature of triose- and hexose-stimulated insulin secretion. En-
docrinology. 103:2027-2034,

Zawalich, W., C. Brown, and H. Rasmussen. 1983. Insulin secretion: com-
bined effects of phorbol ester and A23187. Biochem. Biophys. Res. Com-
mun. 117:448-455.

Zawalich, W., K. Zawalich, and H. Rasmussen. 1984. Insulin secretion: com-
bined tolbutamide, forskolin and TPA mimic action of glucose. Cell Cal-
cium. 5:551-558.

Zawalich, W. 8., K. C. Zawalich, S. Ganesan, R. Calle, and H. Rasmussen.
1991. Influence of staurosporine on glucose-mediated and glucose-con-
ditioned insulin secretion. Biochem. J. 279:807-813.

324



