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ABSTRACT Intracellular application of the sulfonylurea
tolbutamide during whole-cell patch-clamp recordings stim-
ulated exocytosis >5-fold when applied at a cytoplasmic Ca21

concentration of 0.17 mM. This effect was not detectable in the
complete absence of cytoplasmic Ca21 and when exocytosis
was elicited by guanosine 5*-O-(3-thiotriphosphate) (GTPgS).
The stimulatory action could be antagonized by the sulfon-
amide diazoxide, by the Cl2-channel blocker 4,4*-diisothio-
cyanatostilbene-2,2*-disulfonic acid (DIDS), by intracellular
application of the antibody JSB1 [originally raised against a
170-kDa multidrug resistance (mdr) protein], and by tamox-
ifen (an inhibitor of the mdr- and volume-regulated Cl2

channels). Immunocytochemistry and Western blot analyses
revealed that JSB1 recognizes a 65-kDa protein in the secre-
tory granules. This protein exhibited no detectable binding of
sulfonylureas and is distinct from the 140-kDa sulfonylurea
high-affinity sulfonylurea receptors also present in the gran-
ules. We conclude that (i) tolbutamide stimulates Ca21-
dependent exocytosis secondary to its binding to a 140-kDa
high-affinity sulfonylurea receptor in the secretory granules;
and (ii) a granular 65-kDa mdr-like protein mediates the
action. The processes thus initiated culminate in the activation
of a granular Cl2 conductance. We speculate that the activa-
tion of granular Cl2 f luxes promotes exocytosis (possibly by
providing the energy required for membrane fusion) by in-
ducing water uptake and an increased intragranular hydro-
static pressure.

Sulfonylureas have been used in the treatment of non-insulin-
dependent diabetes mellitus (NIDDM or type-2 diabetes) for
more than 30 years (1), but it is only recently that the molecular
mechanisms of their action have been elucidated. It is now
clear that the principal effect of the sulfonylureas is to stim-
ulate insulin secretion from the pancreatic b cells (2). Patch-
clamp experiments have revealed that this stimulation is a
consequence of their ability to selectively inhibit ATP-sensitive
K1 channels (KATP channels) in the b cell plasma membrane
(3). It has recently been demonstrated that the KATP channel
is composed of at least two components: a sulfonylurea
receptor (SUR) and an inward rectifier potassium channel
protein (KIR6.2; ref. 4). The binding of the sulfonylureas to
SUR1, the b cell variety of SUR, results in the closure of the
KATP channels. Since these channels are responsible for the
maintenance of a repolarized (negative) membrane potential
in the b cell, addition of sulfonylureas results in membrane

depolarization that culminates in Ca21 entry through voltage-
gated L-type Ca21 channels and the onset of Ca21-dependent
insulin secretion (5). Surprisingly, the majority (90%) of the
high-affinity sulfonylurea binding sites in the b cell are intra-
cellular and appear to associate with the insulin-containing
secretory granules (6, 7), far away from the KATP channels in
the plasma membrane. The role of these intracellular sulfo-
nylurea receptors is not known. Studies on pancreatic zymogen
granules have suggested the presence of ATP- and sulfonylu-
rea-sensitive K1 and Cl2 conductances in such membranes (8,
9). Sulfonylureas modulate these conductances reciprocally,
which can be envisaged to result in a net accumulation of
electrolytes, water uptake, and increased hydrostatic pressure
inside the granules. It has been suggested that an increased
hydrostatic pressure may promote membrane fusion (10). This
model is not uncontested (cf. ref. 11), but recent measurements
using atomic force microscopy provide evidence that condi-
tions resulting in exocytosis are indeed associated with mod-
erate (15–20%) expansion of zymogen granules (12).

We have previously reported that sulfonylureas potentiate
depolarization-evoked and Ca21-dependent exocytosis in pan-
creatic b cells (13). This effect is exerted distally to the
elevation of the cytoplasmic free Ca21 concentration ([Ca21]i)
and is observed at sulfonylurea concentrations only slightly
higher than those required to block the KATP channels. Here
we have characterized the participating mechanisms in greater
detail, utilizing the standard whole-cell configuration (14),
which allows application of drugs directly onto the intracellular
SURs. We show that the effects of sulfonylureas on exocytosis
in pancreatic b cells are secondary to their binding to 140-kDa
high-affinity SURs in the granular membrane. Their action is
mediated by a granular 65-kDa mdr-like protein and culmi-
nates in the activation of a 4,49-diisothiocyanatostilbene-2,29-
disulfonic acid (DIDS)-sensitive mechanism, possibly a gran-
ular Cl2 conductance. The resultant accumulation of electro-
lytes within the granules leads to the uptake of water and thus
increases the intragranular hydrostatic pressure. This may
facilitate exocytosis by providing the energy required for the
fusion process.

MATERIALS AND METHODS
Preparation and Culture of b Cells. Mouse pancreatic b

cells were isolated from NMRI-mice (Alab, Sweden, or Bom-
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holtgaard, Denmark) or (for the Western blot experiments)
obyob mice taken from the animal house at the Karolinska
Institute. The animals were stunned by a blow against the head
and killed by cervical dislocation. The pancreas was quickly
removed and pancreatic islets were isolated by collagenase
digestion. For immunostaining and the electrophysiological
experiments, islets were dispersed into single cells by shaking
in Ca21-free solution (15). The resultant cell suspension was
plated on Corning Petri dishes or 22-mm glass coverslips. The
cells were maintained in tissue culture for up to 2 days in RPMI
1640 medium containing 5 mM glucose, 10% (volyvol) fetal
calf serum, 100 mgyml streptomycin, and 100 international
unitsyml penicillin.

Electrophysiology. Patch electrodes were made from boro-
silicate glass capillaries coated with Sylgard close to the tips
and fire-polished. The pipette resistance ranged between 2 and
4 MV when the pipettes were filled with the intracellular
solutions specified below. The experiments were conducted
using the standard whole-cell configuration (14). Intracellular
receptors are thereby directly exposed to the sulfonylurea
included in the pipette solution dialyzing the cell interior.

Exocytosis was detected as changes in cell capacitance as
previously described (16, 17) or by using the ‘‘captrack’’
function of an EPC9 amplifier (HEKA Electronics, Lambre-
chtyPfalz, Germany). Exocytosis was elicited either by infu-
sion, through the recording electrode, of a Ca21–EGTA buffer
with a free Ca21 concentration of 0.17 mM or the stable GTP
analogue guanosine 59-O-(3-thiotriphosphate) (GTPgS) (18)
or by photorelease of Ca21 from a caged precursor to stimulate
secretion (19). All experiments were carried out at 32°C.

Amperometry. Electrochemical detection of insulin secre-
tion (amperometry) was carried out as described by Smith et
al. (20). Briefly, the cells were loaded overnight with 0.6 mM
5-hydroxytryptamine (5-HT; serotonin) added to the culture
medium. Amperometric currents were detected at 1650 mV
by using ProCFE carbon fibers (Axon instruments, Burlin-
game, CA) attached to an EPC-9 amplifier (HEKA Electron-
ics). The carbon fibers were calibrated prior to each experi-
ment by adding 1 mM 5-HT to the extracellular medium.
Because the sensitivity of the carbon fibers varied consider-
ably, data are presented as the equivalent increase in the
extracellular concentration of 5-HT.

Solutions. The standard extracellular medium consisted of
(in mM) 138 NaCl, 5.6 KCl, 1.2 MgCl2, 2.6 CaCl2, 5 D-glucose,
and 5 Hepes (pH 7.4 with NaOH). When exocytosis was
elicited by addition of Ca21 through the recording electrode,
the pipette-filling solution contained (mM) 125 potassium
glutamate, 10 KCl, 10 NaCl, 1 MgCl2, 5 Hepes, 10 EGTA (pH
7.15 with KOH), 3 Mg-ATP and 0 or 5 CaCl2. The resulting
free Ca21 concentrations were estimated by using the binding
constants of Martell and Smith (21), as 0 and 0.17 mM,
respectively; the former Ca21 concentration being unable to
elicit exocytosis in itself. Cyclic AMP (0.1 mM) and GTPgS
were included in the pipette solution as indicated in the text or
the legends to the figures.

In the experiments involving photorelease of caged Ca21,
the pipette solution contained (in mM) 110 potassium gluta-
mate, 10 KCl, 10 NaCl, 1 MgCl2, 25 Hepes, 3 Mg-ATP, 3
o-nitrophenyl EGTA (NP-EGTA; Molecular Probes), and 1.5
CaCl2 (pH 7.1 with KOH); calculated initial [Ca21]i: ,0.2 mM.
The antibody JSB1 (Boehringer Mannheim), raised against the
multidrug resistance P-glycoprotein 22, was added to a final
concentration of 5 mgyml. Nonimmunized mouse IgG served
as the control. It was ascertained, by using dextran-conjugated
fura-2 with a molecular mass of 100 kDa (Molecular Probes),
that wash-in of the antibody is completed within 4–5 min.
When using the infusion protocol, it is important that a high
intracellular concentration of the test compound is attained
shortly after establishment of the whole-cell configuration. All
pharmacological agents were therefore included in the pipette-

filling solution at maximally effective concentrations (usually
100 mM).

Photorelease of Caged Ca21 and Measurements of [Ca21]i.
Photolysis of the Ca21yNP-EGTA complex was effected by
brief (,2-ms) flashes of ultraviolet (UV) light produced by a
XF-10 photolysis apparatus (HiTech Scientific, Salisbury,
U.K.). The resulting increases in [Ca21]i were measured by
dual-wavelength spectrofluorimetry using 10 mM of the low-
affinity Ca21 indicator BTC (a benzothiazole coumarin deriv-
ative from Molecular Probes; Kd was estimated to 70 mM) and
the hardware and software of Ionoptix (Milton, MA) as
described elsewhere (19, 23). Judging from the increases in
[Ca21]i obtained after UV-irradiation, the efficiency of liber-
ation was '30% for a 2-ms flash.

Immunofluorescence. Cells were fixed in 4% formaldehyde
and stained with JSB1 antibody as recommended by the
supplier. An Oregon green-conjugated goat anti-mouse anti-
body (Molecular Probes) was used to label the cells with the
fluorophore. Confocal images were obtained with a Leica
TCS-NT confocal microscope (Leica Lasertechnik, Heidel-
berg, Germany) equipped with a PL APO 1003y1.4–0.7 (oil)
objective and a FITC filter set (excitation at 488 nm and
detection of emission at 515–545 nm). Images were recon-
structed from a three-dimensional stack of images throughout
the cell.

Subcellular Fractionation. b cells from obyob mice were
fractionated by using a sucrose density gradient as described
(24). Fractions enriched in plasma membrane or insulin gran-
ules were identified by using an antibody against the Na1yK1-
ATPase a subunit (plasma membrane) and by determination
of insulin content (granules). As expected, the granular frac-
tion exhibited 20-fold higher insulin content than the plasma
membrane fraction and no detectable Na1yK1-ATPase.

SDSyPage and Western Blot Analyses. Electrophoresis and
blotting procedures were performed essentially as described
earlier (9). Briefly, proteins (20 mg per lane) were separated
by SDSyPAGE on 7.5% acrylamide Laemmli minigels and
transferred overnight onto polyvinylidene difluoride (PVDF)
membranes (DuPontyNEN). Blots were incubated overnight
with primary antibodies against mdr1 [5 mgyml JSB1 or 0.5
mgyml C219 (Alexis or Boehringer Mannheim)]. After incu-
bation with horseradish-peroxidase (HRP)-conjugated sec-
ondary antibody (1:6000 dilution, Amersham-Buchler, Ger-
many) for 60 min, blots were developed in enhanced chemi-
luminescence reagents and signals were visualized on x-ray
films. The epitopes of C219 are located at N-terminal residues
568–574 and C-terminal amino acids 1213–1219. These
epitopes are highly conserved amino acid sequences found in
all P-glycoprotein isoforms characterized so far (25). JSB1 was
originally raised against a colchicine-selected mutant of the
Chinese hamster ovary cell line (26) and has been shown to be
mdr1-specific by binding to a cytosolic domain of mdr1 (27),
probably at the C-terminal amino acids 1028–1035 (28).

Photoaffinity Labeling. Photoaffinity labeling was per-
formed according to Kramer et al. (29). Plasma membranes (54
mg) and granular membranes (43 mg) isolated from obyob
mouse islets were equilibrated with 20 nM [3H]glibenclamide
in the absence or presence of 1 mM unlabeled glibenclamide
for 1 h and then irradiated with UV light (312 nm) for 2 min.
For separation of unbound radioactivity, samples were diluted
9-fold with homogenization buffer and centrifuged for 60 min
at 100,000 3 g. The membrane pellets were resuspended in
sample buffer containing 1% SDS and 1% 2-mercaptoethanol
(pH 9), boiled for 3 min, and separated by SDSyPAGE on
7.5% acrylamide minigels. The lanes were cut into 3-mm pieces
and digested in Soluene-350 (Packard BioScience, The Neth-
erlands), and radioactivities were measured in a liquid scin-
tillation counter.

Data Analysis. Exocytosis is quoted as the rate of capaci-
tance increase (in fFys). In the infusion experiments, the
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steady-state increase observed during the first '60 s after
establishment of the whole-cell configuration was measured.
In the experiments involving photorelease of caged Ca21, the
average rate of capacitance increase over the initial 100 ms,
when endocytosis is negligible, after flash photolysis was
determined. Data are presented as mean values 6 SEM of
indicated (n) number of experiments. Statistical significances
were evaluated with Student’s t test for unpaired data.

RESULTS

Intracellularly Applied Tolbutamide Stimulates Ca21-
Dependent Exocytosis. Fig. 1 shows the increase in cell capac-
itance (reflecting exocytosis) occurring during intracellular
dialysis with a Ca21-EGTA buffer with 0.17 mM [Ca21]i. At
this low [Ca21]i, which is just above the resting concentration,
exocytosis was minimal and no increase in cell capacitance
occurred (Fig. 1A, Top). Inclusion of tolbutamide (0.1 mM) in
this pipette solution (which dialyzes the cell interior during
standard whole-cell recordings within '10 s) accelerated
exocytosis, and there was a time-dependent increase in cell
capacitance (Fig. 1B, Top). On average, the rate of capacitance
increase measured over the first 60 s after the establishment of
the whole-cell configuration increased by a factor of 10 in the
presence of tolbutamide compared with that seen in the
absence of the sulfonylurea; from 2 6 2 fFys under control
conditions (n 5 13) to 18 6 4 fFys (n 5 18) in the presence
of tolbutamide (P , 0.001).

To ascertain that the increase in cell capacitance elicited by
tolbutamide does indeed reflect stimulation of insulin secre-
tion, we combined capacitance measurements with carbon
fiber amperometry (Fig. 1 A and B, Middle). The slow increase
in cell capacitance (Cm) observed under control conditions
correlated with the appearance of few amperometric events
(trace labeled ICF) and the time integral of the amperometric
recording (SQCF) was flat. In the presence of tolbutamide,
however, numerous amperometric transients were observed.
Consistent with what has been described previously by others
(20), the amplitude of these spikes was highly variable, possibly
reflecting uneven loading of the granules with 5-hydroxytryp-
tamine or the granules being of different size. The time course

of SQCF roughly paralleled that of the capacitance increase
(compare Top and Middle traces in Fig. 1B), and the extent of
stimulation was essentially the same (Fig. 1C).

Tolbutamide failed to stimulate exocytosis when it was
applied in the complete absence of cytoplasmic Ca21, and the
rate of capacitance increase measured during the first 60 s
amounted to 3 6 1 fFys (n 5 6) under control conditions and
2 6 2 fFys (n 5 7) in the presence of 0.1 mM tolbutamide. The
same negative result was obtained when exocytosis was elicited
by infusion of the stable GTP analogue GTPgS (40 mM; cf. ref.
18). The rate of capacitance increase observed in the presence
of GTPgS amounted to 5 6 2 fFys (n 5 16) under control
conditions and 6 6 2 fFys (n 5 17) when tolbutamide had been
included in the pipette solution. Collectively these data indi-
cate that the increase in cell capacitance evoked by intracel-
lular tolbutamide reflects a true stimulation of insulin secre-
tion and that tolbutamide potentiates Ca21-dependent exocy-
tosis but that it is not an initiator of exocytosis.

Tolbutamide was unable to stimulate exocytosis in b cells
preincubated in 10 mM glucose and 10 mM forskolin (Fig. 2A;
cf. refs. 30 and 31). However, it remained stimulatory in cells
of the same preparation that had not been subjected to the
preincubation protocol (Fig. 2B). In cells preincubated with
glucose and forskolin, exocytosis elicited by 0.17 mM [Ca21]i
amounted to 10 6 5 fFys (n 5 6) and 10 6 2 fFys (n 5 6) in
the absence and presence of 0.1 mM tolbutamide, respectively.
The corresponding values in cells exposed to 5 mM glucose
alone were 6 6 2 fFys (n 5 6) and 18 6 4 fFys (n 5 6; P ,
0.05).

Pharmacological Modulation of Tolbutamide-Induced Exo-
cytosis. The inhibition of the plasma membrane KATP channels
by tolbutamide can be antagonized by diazoxide (3). As shown
in Fig. 2C, the stimulatory action of intracellular tolbutamide
on exocytosis could likewise be counteracted by diazoxide. The
rate of capacitance increase fell from about 20 6 2 fFys (n 5
7) in the presence of tolbutamide alone to 4 6 2 fFys (n 5 5)
in the simultaneous presence of tolbutamide and diazoxide.
The latter value is similar to that obtained under control
conditions (0.17 mM [Ca21]i in the absence of any drugs, see
above). When applied in the presence of 0.17 mM [Ca21]i

FIG. 1. Intracellular tolbutamide stimulates exocytosis in b cells.
Parallel recordings of exocytosis as an increase in cell capacitance
(DCm) and as the amperometric current detected with a carbon fiber
electrode (ICF). Exocytosis was triggered by inclusion of a Ca21-EGTA
buffer with a free [Ca21]i of 0.17 mM in the absence (A) and presence
(B) of 0.1 mM tolbutamide, respectively. Note the parallel increase in
cell capacitance and the cumulative amperometric charge (SQCF).
(Inset) Expanded portion of the amperometric recording in the
presence of tolbutamide. (C) Mean increase in cell capacitance
(Upper) and cumulative amperometric charge (SQCF, Lower) occur-
ring over the initial 4 min (i.e., the time required to reach a new
steady-state level) in the absence (n 5 4) and presence (n 5 10) of 0.1
mM tolbutamide; p, P , 0.05.

FIG. 2. (A) Failure of tolbutamide (tolb) to stimulate exocytosis in
cells preincubated with high glucose and forskolin (cf. ref. 31). ctrl,
Control. In all cases, secretion was evoked by intracellular dialysis with
0.17 mM [Ca21]i. (B) Stimulation of exocytosis by tolbutamide in the
same preparation of b cells but preincubated with 5 mM glucose only.
(C) Change in cell capacitance (Cm) taking place under control
conditions and in the presence of tolbutamide (0.1 mM) alone or in
combination with diazoxide (dz) (0.1 mM) as indicated. (D) Failure of
tolbutamide to stimulate exocytosis in the presence of the Cl2-channel
blocker DIDS. Tolbutamide (0.1 mM) and DIDS (0.2 mM) were added
as indicated. (E) Stimulation of exocytosis by tolbutamide (0.1 mM)
is antagonized by tamoxifen (tamox) (0.1 mM). Traces shown are
representative of 5–11 separate experiments.
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alone, diazoxide exerted a small (30%) inhibitory action that
did not reach statistical significance (not shown).

DIDS-sensitive Cl2 channels have been described in zymo-
gen granules (32). We therefore explored whether such chan-
nels participate in sulfonylurea-stimulated exocytosis by inclu-
sion of this Cl2-channel blocker in the pipette solution. Indeed,
DIDS abolished the ability of tolbutamide to stimulated
exocytosis when applied intracellularly at a concentration of
0.2 mM (Fig. 2D, compare Fig. 1). The rates of exocytosis
measured in the presence of the Cl2-channel blocker during
the first 60 s after establishing the whole-cell configuration
amounted to 1 6 1 fFys (n 5 6) and 1 6 1 fFys (n 5 6) in the
absence and presence of tolbutamide (0.1 mM), respectively.

We next tested for the possible involvement of an mdr-like
protein by using tamoxifen, an inhibitor of this protein in a
variety of systems (33, 34). As illustrated in Fig. 2E, inclusion
of tamoxifen (0.1 mM) in the pipette solution abolished the
stimulatory action of tolbutamide. The rate of exocytosis
measured in the presence of both tamoxifen and tolbutamide
amounted to 7 6 1 fFys (n 5 8). This rate is lower than that
obtained in the presence of tolbutamide alone [13 6 1 fFys
(n 5 11); P , 0.01] but similar to that seen under control
conditions [7 6 1 fFys (n 5 9)].

We have previously reported that tolbutamide remains
capable of stimulating exocytosis when intracellular K1 is
replaced with Cs1 (13). By contrast, tolbutamide is without
stimulatory action when N-methyl-D-glucamine1 (NMDG1)
substituted for intracellular K1 (not shown). This observation
argues that a nonselective ion channel permeable to both K1

and Cs1, but not to NMDG1, participates in the process.
Interestingly, cyclic AMP remained capable of potentiating
secretion under these experimental conditions, suggesting that
its stimulatory actions (17) involve mechanisms that are at least
in part distinct from those activated by tolbutamide.

The Antibody JSB1 Abolishes Action of Tolbutamide on
Exocytosis. The effects of tamoxifen pointed to the involve-
ment of an mdr-like protein in the stimulatory effect of
tolbutamide on exocytosis. The monoclonal antibody JSB1,
raised against a 170-kDa multidrug resistance P-glycoprotein
(22), interferes with a Cl2 conductance in zymogen granules
and thereby prevents their swelling (9). Fig. 3 contains an
experiment in which cells were infused with this antibody. Here
exocytosis was elicited by photorelease of Ca21 from the caged
precursor Ca21yNP-EGTA. Liberation of Ca21 was effected
.4 min after establishment of the whole-cell configuration to
allow wash-in of the antibody (see Materials and Methods).
Tolbutamide remained capable of stimulating exocytosis un-
der these experimental conditions (Fig. 3A). The initial exo-
cytotic rate, measured during the first 100 ms, amounted to
286 6 53 fFys (n 5 11) and 798 6 112 fFys (n 5 13; P , 0.0005)
in the absence and presence of tolbutamide, respectively. The

stimulation of exocytosis produced by tolbutamide is not the
result of [Ca21]i being higher and measured increases in
[Ca21]i averaged 48 6 9 mM (n 5 11) and 45 6 7 mM (n 5 13)
in the absence and presence of drug. Tolbutamide remained
equally stimulatory when the cells were dialyzed with nonim-
munized mouse IgG (5 mgyml; data not shown). However,
tolbutamide failed to stimulate exocytosis after the wash-in of
the antibody JSB1 (5 mgyml; Fig. 3B). The rate of capacitance
increase amounted to 338 6 78 fFys (n 5 9) in the presence
of the antibody but absence of tolbutamide. The rate of
exocytosis fell to 200 6 88 fFys (n 5 9; not significantly
different from the control value) when tolbutamide was ap-
plied in the presence of the antibody. Again, [Ca21]i was the
same in the absence and presence of tolbutamide and averaged
42 6 9 mM (n 5 9) and 49 6 3 mM (n 5 9), respectively. These
results suggest that JSB1 selectively interferes with the ability
of tolbutamide to enhance exocytosis while not affecting
Ca21-induced secretion.

JSB1 Recognizes a 65-kDa Granule Membrane Protein
That Does Not Bind the Sulfonylurea Glibenclamide. We next
utilized immunofluorescence confocal microscopy to visualize
the distribution of JSB1 binding within the b cell (Fig. 4A).
Binding of JSB1 exhibited a punctuate distribution which was
similar to that of the insulin-containing granules. To charac-
terize the protein recognized by the antibody, we carried out
Western blot analyses of isolated granule membranes from
mouse islets with the mdr1-specific monoclonal antibodies
JSB1 (5 mgyml) and C219 (0.5 mgyml). Both JSB1 and C219
recognized a 65-kDa protein (Fig. 4B). For comparison, we
blotted purified plasma membranes from mouse islets (not
shown). In these membranes, C219 labeled a protein with a
molecular mass of '160 kDa, close to molecular mass of
full-size multidrug resistance P-glycoprotein but different
from the 65-kDa protein detected in the granular membranes.

FIG. 3. The antibody JSB1 antagonizes the stimulatory action of
tolbutamide on Ca21-dependent exocytosis. (A) Increases in cytoplas-
mic free Ca21 (D[Ca21]i) and cell capacitance (DCm) occurring in
response to photorelease of Ca21 from the caged complex Ca21yNP-
EGTA (bottom arrows) under control conditions and in the presence
of 0.1 mM tolbutamide. (B) As in A but 5 mgyml antibody JSB1 had
been included in the pipette solution. Traces shown are representative
of 9–11 experiments.

FIG. 4. Binding of JSB1 and C219 in pancreatic b cells. (A)
Distribution of JSB1 binding in a pancreatic b cell revealed by confocal
immunocytochemistry. Note the punctuate distribution. (32,000.) (B)
Western blot analyses of b cell granular membranes from mouse islets
with the mdr1-specific monoclonal antibodies JSB1 and C219. Islet
granule membrane proteins (20 mg) were probed with 5 mgyml JSB1
or 0.5 mgyml C219. Arrows indicate the position of the 65-kDa
granular membrane protein cross-reacting with the anti-mdr1 anti-
bodies. (C) Photoaffinity labeling of plasma membrane (PM) and
secretory granules (Gr) from mouse islets with [3H]glibenclamide. The
positions of the molecular mass markers (MW), the stacking gel, and
the tracking dye are indicated. In both experiments, a peak of
specifically bound radioactivity was detected at '140 kDa. Because of
the scarcity of material, the experiments were conducted only once (C)
or twice (B). However, identical results were obtained when mem-
branes from Ins1 insulinoma cells were used (n 5 2, not shown).
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These data suggest that whereas full-length P-glycoprotein is
expressed in the plasma membrane of islet cells, the secretory
granules contain a truncated form of the protein with a
molecular mass of 65 kDa. Glibenclamide is traditionally used
for binding experiments because its affinity is '1000-fold
higher than that of tolbutamide. We have shown previously
that it affects exocytosis in the same way as tolbutamide (13).
In rat pancreatic zymogen granule membranes, a 65-kDa
protein was specifically labeled by the sulfonylurea [3H]glib-
enclamide, though with low affinity (Kd ' 6 mM) (35).
However, 1 nM [3H]glibenclamide was completely displaced by
1 mM unlabeled glibenclamide in both plasma and granular
membranes prepared from mouse islets, suggesting that it
reflects binding of glibenclamide to sites with higher affinity
for the sulfonylurea (not shown). Photoaffinity labeling ex-
periments with [3H]glibenclamide (Fig. 4C) revealed that the
sulfonylureas associate with a protein with a molecular mass of
'140 kDa in both the plasma membrane and the secretory
granule fractions. This corresponds to the approximate mo-
lecular mass of the cloned sulfonylurea receptor (4) but twice
the molecular mass of the protein recognized by JSB1 in the
granules. The protein recognized by JSB1 and C219 is there-
fore likely to be distinct from the cloned 140-kDa SUR1. This
conclusion is in keeping with the finding that JSB1, when
included in the pipette solution, was without effect on both the
amplitude of the KATP conductance and the ability of tolbu-
tamide to block whole-cell KATP currents in b cells (not
shown). Results obtained with HEK293 cells transfected with
the KIR6.2ySUR1 complex also reinforce this idea. Although
SUR1 was present in the plasma membrane at 7–8 times higher
density than in mouse b cells (as determined by the amplitude
of whole-cell KATP currents), there was no detectable increase
in JSB1-labeling as compared with nontransfected cells (not
shown).

DISCUSSION

In this study we confirm that high-affinity SURs are present in
both the plasma membrane and the secretory granules of
insulin-secreting pancreatic b cells. Whereas the role of these
receptors in forming the plasma membrane KATP channels is
well established, the significance of the granular receptors
remains elusive. Here we demonstrate that intracellularly
applied tolbutamide accelerates exocytosis in voltage-clamped
b cells. This effect occurs independently of plasma membrane
KATP-channel closure and opening of voltage-gated Ca21

channels. The data complement our previous observations
made with intact pancreatic b cells in the perforated patch
whole-cell configuration (13).

Relationship Between SUR and Stimulation of Exocytosis
by Tolbutamide. It is tempting to attribute the ability of
tolbutamide to enhance exocytosis to the presence of high-
affinity sulfonylurea-binding sites on the secretory granules.
Sulfonylurea- and ATP-sensitive K1 and Cl2 conductances
have been found in isolated pancreatic zymogen granules and
have been implicated in the release process in acinar cells (8).
The granular K1 and Cl2 channels are reciprocally controlled
by a 65-kDa protein (9) that is recognized by the monoclonal
antibodies JSB1 and C219. Here we demonstrate that JSB1
abolishes the stimulatory action of tolbutamide on exocytosis
and detects a 65-kDa granular protein in pancreatic b cells.
However, unlike the situation in acinar cells (35), the sulfo-
nylurea does not exhibit any detectable high-affinity binding to
the protein recognized by JSB1 in the pancreatic b cell. The
previous findings that JSB1 binds to secretory granules in mast
cells (36) and pancreatic acinar cells, taken together with the
present observation made in insulin-secreting cells, suggest
that mdr-like proteins play a general role in the control of
exocytosis.

Comparison with Previous Work. The view that tolbutamide
is capable of stimulating exocytosis in the b cell by a distal
effect is not uncontested (30, 31). Recently it was reported,
however, that tolbutamide stimulates insulin secretion from
min6 cells by a protein kinase C-dependent mechanism (37).
The failure of others to reproduce our findings we attribute to
differences in the experimental protocols. Whereas our cells
were exposed to a medium containing 5 mM glucose during the
experiments, the b cell used in the studies in which no late
effect of tolbutamide on exocytosis was detected had been
preincubated with high glucose and forskolin. Indeed, using
the same protocol as that employed in the study of Mariot et
al. (31), we were likewise unable to detect any stimulatory
action of tolbutamide (Fig. 2 A and B). Such a protocol results
in low cytosolic ADP levels. This is significant, since the
stimulatory action of tolbutamide on calcium-induced exocy-
tosis appears to counteract an ADP-mediated inhibitory action
(S.B. and E.R., unpublished results).

Model for the Regulation of Exocytosis by Sulfonylureas.
The nature of the interaction between the protein(s) identified
by JSB1 in insulin-secreting b cells and SUR1 remains unes-
tablished, but it seems possible that they associate to form a
functional complex that regulates ion fluxes in the secretory
granules (see Fig. 5). In this context it is pertinent that Kramer
et al. (29) have detected high-affinity binding of the sulfonyl-
urea glimepiride to a 65-kDa protein in pancreatic b cells. In
the same study when identical procedures were used, gliben-
clamide bound to a 140-kDa protein. Labeling of the 140-kDa
protein by [3H]glibenclamide was inhibited by unlabeled
glimepiride and, vice versa, glibenclamide inhibited labeling of
the 65-kDa protein by [3H]glimepiride. This finding raises the
interesting possibility that there exists a complex between the
140-kDa SUR and the 65-kDa mdr1-like protein. Tolbutamide
and diazoxide can be envisaged to act by stabilizing or desta-
bilizing the formation of this complex, respectively. In this
context it may be relevant that a Cl2 conductance that is
activated by the sulfonylurea glibenclamide and also by cell
swelling has been identified in the plasma membrane of
insulin-secreting cells (38). Such swelling-induced currents
have been documented in a number of systems (33, 34) and are
typically controlled by mdr-like proteins. It is pertinent that the
pharmacology of these currents (block by DIDS and tamox-
ifen) is similar to that we observe for the effects of tolbutamide
on exocytosis.

How do granular ion fluxes stimulate exocytosis in b cells?
One possibility is that the 65-kDa mdr1-like protein, perhaps
in a complex with SUR (see above), functions as part of the
exocytotic machinery. Such an idea would be consistent with
the recent demonstration that the Cl2 channel CFTR, another

FIG. 5. Model for the stimulatory action of tolbutamide on exo-
cytosis. (A) Under control conditions, the high-affinity SUR and
mdr-like protein tend to be unassociated. (B) Tolbutamide (tolb) binds
to SUR, facilitating its association with the mdr protein. When the
SURymdr-complex has formed, it couples to the Cl2 channel and
increases the open probability. In addition, the participation of
nonselective cation-permeable channels is suggested by the failure of
tolbutamide to stimulate exocytosis after replacement of K1yCs1 with
NMDG1 (not included in model). Diazoxide acts by reversing the
effect of tolbutamide on SUR. JSB1 and tamoxifen prevent the
coupling between the SURymdr-complex and the Cl2 channel and
thereby abolish the ability of tolbutamide to increase channel activity.
DIDS blocks the Cl2 channel by direct interaction with the channel
protein.
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member of the ABC class of proteins, to which mdr1 belongs,
can functionally interact with the exocytotic proteins syntaxin
and munc18 (39). Interaction between the 65-kDa protein and
the exocytotic machinery might also explain why the action of
tolbutamide on exocytosis is restricted to the Ca21-dependent
pathway of release, whereas GTPgS-induced release was un-
affected. Measurements of cell capacitance have revealed that
these two pathways of secretion involve both common and
distinct processes and that the two pathways diverge at a late
stage (18). Biochemical experiments have further indicated
that Ca21-induced secretion involves SNARE-proteins such as
syntaxin (40), cellubrevin, VAMP-2 (41), and synaptotagmin
(42), whereas GTPgS-evoked secretion is resistant to maneu-
vers that interfere with the function of these proteins. How-
ever, the observation that JSB1 abolishes tolbutamide-
stimulated exocytosis without affecting Ca21-induced secre-
tion argues that this interpretation is too simplistic. The finding
that the Cl2-channel blocker DIDS, the KATP-channel activa-
tor diazoxide, and removal of cytoplasmic cations all suppress
tolbutamide-stimulated exocytosis instead argues that the
modulation of exocytosis is secondary to changes of granular
ion fluxes. It can be speculated that the 65-kDa granular
protein represents a regulatory link between the exocytotic
machinery and granular ion channels. The latter possibly
include DIDS-sensitive Cl2 channels and nonselective cation-
conducting channels as suggested by the failure of tolbutamide
to be stimulatory after the replacement of K1yCs1 with
NMDG1. We acknowledge that DIDS and tamoxifen are
rather unspecific and inhibit KATP channels when applied at
the concentrations used in this study. However, if closure of
KATP channels were their chief mode of action, then they
would be expected to stimulate (i.e., exert a tolbutamide-like
effect) rather than inhibit exocytosis. Further support for the
involvement of Cl2 channels comes from recent immunostain-
ing experiments suggesting the presence of ClC-2 Cl2 channels
on the secretory granules (S.B., unpublished results). We
propose that tolbutamide activates Cl2 channels after its
association with the SURymdr-complex. The influx of Cl2
leads to the net uptake of electrolytes and water into the
granules. This in turn results in an increased intragranular
hydrostatic pressure, which then promotes exocytosis, perhaps
by providing the energy required for the fusion of the granular
membrane with the plasma membrane (10). We point out that
such a model is perfectly consistent with the experimental
finding that the action of tolbutamide is exerted at the final
stages of exocytosis and that it enhances rather than initiates
Ca21-dependent secretion.
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