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Abstract Aims/hypothesis Sulfonylurea receptor 1 (SUR1)
is the regulatory subunit of ATP-sensitive K channels in
beta cells. Morphological methods (immunohistochemistry
and sulfonylurea binding) were used to establish the
cellular and subcellular location of SUR1 in human and
rodent islets.
Results In the human, mouse and rat pancreas, all endo-
crine cells of the islets were immunolabelled with an anti-
SUR1 antibody, whereas tissues containing SUR2 were
consistently negative, as were those from Sur1 (also known
as Abcc8)−/− mice. In beta cells of the three species, the
plasma membrane was distinctly stained, but SUR1 was
mainly present over the cytoplasm, with an intensity that
varied between cells. Electron microscopy showed that
SUR1 was immunolocalised in insulin, glucagon and
somatostatin granules. In rat beta cells degranulated by in

vivo treatment with glibenclamide (known as glyburide in
the USA and Canada), the insulin and SUR1 staining
intensity was similarly decreased by ∼45%, whereas SUR1
staining was not changed in non-beta cells. In all islet cells,
binding of glibenclamide labelled with fluorescent dipyrro-
methane boron difluoride (BODIPY-FL) was punctate over
the cytoplasm, compatible with the labelling of endocrine
granules. A faint labelling persisted in Sur1−/− mice, but it
was not different from that obtained with BODIPY-FL
alone used as negative control.
Conclusions/interpretation Our study immunolocalised
SUR1 in alpha, beta and delta cells of human, mouse and
rat islets, and for the first time visualised it in the plasma
membrane. We also show that SUR1 is abundant in
endocrine granules, where its function remains to be
established. No specific sulfonylurea-binding sites other
than SUR1 are identified in islet cells by the glibenclamide–
BODIPY-FL technique.
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Abbreviations
BODIPY dipyrromethane boron difluoride
DAB 3,3′-diaminobenzidine
gSUR granular sulfonylurea receptor
Hx haematoxylin counterstaining
KATP channel ATP-sensitive K channel
SOD specific optical density
SUR1 sulfonylurea receptor 1
Sur1−/− SUR1 knockout mice
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Introduction

The beta cell ATP-sensitive K (KATP) channel is composed
of four subunits of Kir6.2, an inwardly rectifying K+

channel and four subunits of sulfonylurea receptor 1
(SUR1), acting as the channel regulator [1–4]. KATP

channels play a key role in insulin secretion by linking
cellular metabolism and electrical activity in beta cells [5–
8]. In response to an increase in blood glucose concentra-
tion, beta cell metabolism accelerates, which results in
cytosolic nucleotide changes that lead to KATP channel
closure. The beta cell membrane depolarisation that follows
opens voltage-dependent Ca2+ channels leading to Ca2+

influx. The resulting rise in cytosolic Ca2+ concentration is
the triggering signal for the exocytosis of insulin-containing
granules. Although the full secretory response to glucose
also involves amplification of the action of Ca2+ [7, 9, 10],
the KATP channel-dependent rise of cytosolic Ca2+ is
essential [11]. Beta cell KATP channels are also the target
of pharmacological agents [12], among which sulfonylureas
and glinides are of major clinical importance. These
hypoglycaemic drugs induce KATP channel closure by
binding to high-affinity sites in SUR1 [13, 14], thereby
mimicking the effect of glucose on the production of a
triggering signal for insulin secretion.

Electrophysiological studies have functionally localised
KATP channels, hence SUR1, to the plasma membrane of
beta cells, but no morphological study has yet been able to
visualise it at that level. In contrast, two immunohisto-
chemical studies in rodents have shown that SUR1 is
abundantly distributed over the beta cell cytoplasm [15,
16]. Moreover, studies using 3H-labelled glibenclamide
(known as glyburide in the USA and Canada) have shown
that, unlike other sulfonylureas, glibenclamide is taken up
by beta cells [17] and binds to an intracellular protein that is
much more abundant (more than tenfold) than in the plasma
membrane [18]. These conclusions were extended recently
by monitoring the binding of glibenclamide labelled with
fluorescent dipyrromethane boron difluoride (BODIPY-FL)
to islet cells [16, 19], a technique that is, however,
complicated by a significant degree of non-specific binding
due to the lipophilicity of the probe [20].

The intracellular glibenclamide-binding sites or SUR1
itself have variably been located to insulin granules [16, 21,
22], the nuclear membrane [23] or vesicles of an unknown
nature [24]. In addition to its intracellular localisation, the
nature of the binding protein is also contentious. 3H-
labelled sulfonylureas have been reported to bind to a
65 kDa protein [25], distinct from the native SUR1 protein
(140 kDa), and subsequently localised to the granule
fraction from normal mouse islets [26]. This protein, named
granular SUR (gSUR) protein, was proposed to mediate an
augmentation of insulin release [26, 27].

The localisation of SUR1 in non-beta cells of the islet is
also controversial. Functional evidence indicates that SUR1
and Kir6.2 are expressed [28] and form KATP channels [29]
in rodent alpha cells, but one study using glibenclamide–
BODIPY failed to identify SUR1 in mouse glucagon cells
[19]. This negative result conflicts with the immunolocal-
isation of SUR1 in the cytoplasm of both beta and non-beta
cells of rat islets [15].

These divergent observations probably result from the
application to the pancreas of rodents of different tech-
niques of tissue isolation and preparation and distinct
procedures of visualisation. They also leave open the
question of SUR1 location in human islets. The aim of
the present study was to establish the cellular and
subcellular location of SUR1 in the human and rodent
endocrine pancreas. We first strictly assessed the histo-
chemical reliability of an antibody directed against SUR1
[4] before searching for the presence of the protein in
different islet cell types of three species (human, mouse and
rat). Electron microscopy and pharmacological manipula-
tion of the insulin content of the islets were then used to
identify the subcellular location of SUR1. Immunohisto-
chemical data were compared with those obtained by the
classic glibenclamide–BODIPY binding technique in nor-
mal islet cell clusters.

Materials and methods

The study was approved by the ethics committee of the
University of Louvain and conducted in accordance with
the guidelines issued by the National Belgian Animal Care
Committee.

Tissues Human pancreases were obtained from organ
donors who had died from a pathology not known to affect
the endocrine pancreas. Control C57BL/6 mice (local
colony) and Sur1 (also known as Abcc8)−/− mice [30]
originally provided by J. Bryan (Baylor College of
Medicine, Houston, TX, USA) were bred in Brussels.
Wistar rats were obtained from a local colony. In one series
of experiments, test rats received five i.p. injections of
2 mg/kg glibenclamide at 12 h intervals [31], while controls
were injected with saline.

Tissue processing for microscopy For conventional micros-
copy, human and rodent tissues were fixed in Bouin Allen’s
fluid solution for 24 h and routinely embedded in paraffin. For
electron microscopy, rats and mice were anaesthetised before
being perfused with 4% (wt/vol.) paraformaldehyde buffered
at pH 7.4 and supplemented with 1% (wt/vol.) CaCl2. There-
after the pancreas was immersed in the same fixative for 4 h.
Embeddingwith an epoxymedium (Fluka, Buchs, Switzerland)
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or with an acrylic resin (London Resin Company, Theale,
UK) followed the manufacturer’s recommendations.

Conventional microscopy The anti-SUR1 antibody, pro-
duced by two of us, was obtained by immunisation of
rabbits with the E617–N987 amino acid sequence of SUR1,
corresponding to the nucleotide-binding domain 1 [4]. Five-
micron thick sections were incubated overnight at 4°C with
the antibody at dilutions of 1/300 for rat, 1/600 for mouse
and at both dilutions for human tissues. The sections were
then incubated with EnVision peroxidase directed to rabbit
antibodies (Dako, Carpinteria, CA, USA) and finally with
3,3′-diaminobenzidine (DAB) (Fluka). After washing, some
of the immunostained slides were haematoxylin counter-
stained (Hx) to facilitate recognition of histological struc-
tures, but others were not.

Consecutive sections were used to identify the cells
containing SUR1. Beta cells were labelled by incubation
with a monoclonal anti-insulin antibody (human and rat 1/
7,000; mouse 1/25,000; Chemicon International, Temecula,
CA, USA), with detection by EnVision peroxidase and
DAB revelation. Alpha and delta cells were stained using a
cocktail of polyclonal antibodies against somatostatin
(human and mouse 1/6,000; rat 1/3,000; gift from W.
Gepts, Free University, Brussels, Belgium) and glucagon
(all species 1/1,000; Novocastra Laboratories, Newcastle,
UK). Both antibodies were detected simultaneously by an
alkaline phosphatase detection system revealed by a
naphthol Fast Red substrate.

In other series, insulin and glucagon cells were identified
by immunofluorescence using the above antibodies at a 10
times higher concentration and combined with anti-mouse
and anti-rabbit antibodies labelled with Texas Red and
fluorescein, respectively (Dako).

Electron microscopy After a 15 min pretreatment with
50 μmol/l lysine, ultrathin sections were incubated with the
anti-insulin antibody (rat pancreas, 1/50; Chemicon) and a
biotinylated anti-mouse IgG (1/150; Dako) or with the anti-
SUR1 antibody (1/100 and 1/400 for rat and mouse
pancreas, respectively) and a biotinylated anti-rabbit IgG
(1/200; Chemicon). Finally, all sections were incubated
with gold-labelled streptavidin particles (1/20, 10 nm
particles; Aurion, Wageningen, the Netherlands). After
rinses, sections were post-fixed with 2.5% (wt/vol.)
glutaraldehyde for 5 min and counterstained. They were
then examined on a Zeiss 109 transmission electron
microscope (Zeiss, Oberkochen, Germany).

Immunohistochemical controls The best signal-to-noise
ratio in SUR1 immunodetection was obtained without any
antigen retrieval method, which reduces the risk of antibody
cross-reaction with related proteins. Specificity of immu-

nohistochemical techniques was assessed by the absence of
labelling when the primary antibody was omitted or when
an irrelevant polyclonal antibody (anti-fluorescein isothio-
cyanate; Dako) was used. Cross-reactions between anti-
bodies were excluded by comparing stainings after simple
and double immunodetection. The anti-SUR1 antibody has
previously been characterised by western blotting [4]. Its
histochemical specificity was assessed on slices of mouse
or rat tissues known to contain SUR1 or not.

Islet cell preparation and glibenclamide binding Islet cell
clusters from control and Sur1−/− mice were obtained as
previously described [32]. After 2 days of culture, clusters
were incubated for 2 h at room temperature in standard
Krebs’ medium buffered with HEPES [32] and supple-
mented with either 10 nmol/l glibenclamide–BODIPY-FL
(green fluorescence) or the fluorophore not coupled to
glibenclamide, i.e. BODIPY-FL dye (10 nmol/l; Molecular
Probes, Eugene, OR, USA). The clusters were then washed
and directly imaged with an AxioImager Z1 Motorised
Microscope combined with an ApoTome system and a high-
sensitivity camera (AxioCam HRm; Zeiss). In one series of
experiments, intact islets from control mice were cultured
overnight with 10 μmol/l glibenclamide and 2 μmol/l cloni-
dine or with 2 μmol/l clonidine alone before being processed
for light microscopy and immunostaining of SUR1.

Quantification SUR1 and insulin beta cell contents in rat
islets were quantified by measuring the specific optical
density (SOD) [31] of the DAB immunostaining with an
image analyser KS-400 (Zeiss). All sections used for these
quantifications were processed simultaneously. Results are
given as means±SD, and the statistical significance of the
differences was assessed by Student’s t test. Pearson’s test
was used to assess the statistical significance of the
correlation between insulin and SUR1 immunolabelling
intensities in beta cells. Subcellular location of SUR1 was
quantified with a Videoplan MOP-3 (Zeiss) on microphoto-
graphs of islet cells examined by electron microscopy. First,
the number of immunogold particles was determined over
and outside the insulin granule area, and expressed as a
density (number of particles per surface unit), to assess the
extent of granule labelling. Second, the number of insulin
and SUR1 immunogold particles per insulin granule was
also computed in well-granulated (control) and degranu-
lated (by glibenclamide treatment) beta cells.

Results

Specificity of the anti-SUR1 antibody A positive immuno-
reaction was detected in cells of the dentate gyrus and in the
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pyramidal cell layers of the mouse hippocampus, two
regions known to produce SUR1 abundantly [6, 33, 34]
(Fig. 1a). Some tissues are known not to produce SUR1 but
to contain SUR2 isoforms. Cardiomyocytes (SUR2A)
(Fig. 1b) and vascular smooth muscle of the pancreas
(SUR2B) (Fig. 1c, arrow) were not labelled by our anti-
SUR1 antibody. Similar results were obtained with rat
tissues (not shown). In contrast, SUR1 staining was heavily
positive in the islets (Fig. 1c). Besides islets, nerve fibres
and nerve plexus scattered in the pancreatic parenchyma
were also labelled by the SUR1 antibody in both humans
(Fig. 1d) and rodents (not shown). Most importantly, in
Sur1−/− mice no SUR1 labelling was observed in the
hippocampus area (Fig. 1e) or any other tissue, such as the
pancreas (Fig. 1f). Insulin- (red) and somatostatin- (green)
containing cells were normally labelled in the same section

(Fig. 1g). All these control experiments attest to the
specificity of our immunodetection of SUR1.

SUR1 localisation in islet cells SUR1 was detected in islets
from the human (Fig. 2a,e), mouse (Fig. 2c) and rat
(Fig. 2f) pancreas, and was apparently present in all
endocrine cells. This was confirmed on consecutive
sections of the same specimens by immunostaining of beta
cells (brown) and non-beta cells (alpha+delta cells) (red)
(Fig. 2b,d). In humans and rats, SUR1 staining intensity
was lower in non-beta than beta cells (Fig. 2a,b for humans;
for rats, see Fig. 4a,b). In the mouse, however, no obvious
difference in SUR1 staining intensity was observed be-
tween beta and non-beta cells (Fig. 2c,d).

At higher magnification (Fig. 2e,f; human and rat,
respectively), SUR1 was consistently found in the cyto-

Fig. 1 Specificity of SUR1
immunodetection. a In mouse
hippocampus, SUR1 is localised
in dentate gyrus granule cells
(gg) and in the pyramidal cells
layer (pc). The inset shows
neurons of the gg area at high
magnification. b SUR1 is not
observed in mouse cardiomyo-
cytes (arrows show intercalated
discs; Hx). c In mouse pancreas,
SUR1 is not present in vascular
smooth muscle (arrow) but is
distinctly observed in an islet of
the same histological section
(Hx). d SUR1 is present in
peripheral nerve fibres (nf)
(human pancreatic parenchyma;
Hx). In the picture, the nerve is
ending in a nerve plexus (np).
e, f Absence of SUR1 immu-
nostaining in hippocampus area
(e, low magnification; inset,
high magnification) and in islets
(f, arrow) from Sur1−/− mouse.
g Insulin (red) and glucagon
(green) immunofluorescent
staining of the Sur1−/− islet in
f. Bars=100 μm
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plasm of beta cells, with a variable staining intensity
between cells, and sometimes concentrated at one pole of
the cell (Fig. 2e,f, arrows). Labelling of the plasma
membrane was also visible, particularly when the cytoplas-
mic staining was faint (Fig. 2e,f). The nuclear membrane of
many (not all) beta cells was also stained.

Electron microscopy When the pancreas was processed for
electron microscopy by classic methods including embed-
ding in epoxy resin, the subcellular ultrastructure was well
preserved and no obvious differences were noted between
control and Sur1−/− beta cells. Insulin granules showed their

typical aspect, with a dense core and a clear halo (Fig. 3a,e).
Unfortunately, this processing did not permit SUR1
immunodetection, which was only possible after short
fixation and acrylic resin embedding, at the cost of poorer
ultrastructural definition (Fig. 3b–d,f,g).

In control mouse islets, SUR1 was identified by the
presence of gold particles in insulin (Fig. 3b,c) and glucagon
(Fig. 3d) or somatostatin granules (not shown). No similar
staining was observed in Sur1−/− islets (Fig. 3f,g). In control
beta cells, the density of SUR1 gold particles was six times
higher over insulin granules than the rest of the cytoplasm,
but it was similar (ratio around 1 corresponding to background)

Fig. 2 SUR1 localisation in
islet cells. SUR1 is localised in
beta and non-beta cells of hu-
man (a) and mouse (c) islets as
shown by the staining of insulin
(in brown), somatostatin and
glucagon (in red) in the next
section of the same pancreas
(b, d no counterstaining). SUR1
staining intensity varies between
beta cells in human and rat islets
(e and f, respectively). Cyto-
plasm, pole of the cell (arrows),
plasma membrane and nuclear
membrane are visibly stained in
both species (Hx). The working
dilutions of anti-SUR1 antibody
were 1/600 in a, c and 1/300 in
e, f. Bars=50 μm
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in Sur1−/− beta cells (Fig. 3h). SUR1 was also concentrated
on insulin granules in the rat (see below in Fig. 5a,b).

SUR1 staining after beta cell degranulation Since the
preceding results suggested that SUR1 was localised to
insulin granules in addition to the plasma membrane, we
studied the impact of beta cell degranulation. In islets from
rats treated in vivo with glibenclamide the insulin immu-
nostaining was markedly decreased (Fig. 4a,b). Strikingly,

SUR1 staining was also decreased in beta cells but was not
visibly affected in non-beta cells (Fig. 4d,e). The beta cell
plasma membrane was clearly labelled by the anti-SUR1
antibody after degranulation (Fig. 4e, inset). The intensity
of insulin and SUR1 staining was measured in the pancreas
of five control and glibenclamide-treated rats (Fig. 4c,f).
The SODs of insulin and SUR1 were similarly decreased
by about 45% (p<0.001). The paired-correlation test was
0.83 between insulin and SUR1 contents (p=0.005).

In comparison with control rats (Fig. 5a,d), the number
of insulin granules was decreased by about 50% after
glibenclamide treatment (Fig. 5b,e). This corresponds well
with the decrease observed above by immunodensitometry.
The immunodetection of either insulin or SUR1 further
showed that the number of gold particles per insulin
granule (identified by the dense core) was also decreased
in the treated group (Fig. 5b,e, respectively). This visual
impression was supported by the histograms representing
the number of insulin or SUR1 gold particles per insulin
granule (Fig. 5c,f, respectively). Strikingly, the percentage
of insulin granules without insulin or SUR1 labelling was at
least threefold higher after the treatment.

To ascertain that the difference in SUR1 labelling was
not due to an interference caused by the presence of
glibenclamide in beta cells, rather than to the degranula-
tion, normal mouse islets were cultured overnight with
10 μmol/l glibenclamide and 2 μmol/l clonidine (to inhibit
insulin secretion) [11] or clonidine alone. The intensity of
SUR1 immunolabelling was similar in the two groups
(not shown) indicating that the presence of glibenclamide
did not interfere.

Glibenclamide binding In islet cell clusters from normal
mice, glibenclamide–BODIPY-FL localised to punctate
cytoplasmic structures, similar to secretory granules by
their shape, size, number and location at the cell periphery
(Fig. 6a). The intensity of the fluorescence was variable
from cell to cell. The plasma membrane never showed
any fluorescence labelling. When the recording time was

R Fig. 3 Subcellular localisation of SUR1 in islet cells from normal and
Sur1−/− mice. After conventional embedding (a, e), the morphological
appearance of insulin granules is similar in normal and Sur1−/− mice.
b, c, d, f, g The specific embedding required for SUR1 immunode-
tection explains the poorer morphological resolution. In normal mice,
insulin (b and c, respectively at low and high magnification) and
glucagon (d) granules are labelled by anti-SUR1 gold particles, with a
low background outside the granules. In contrast, no specific staining
is localised to insulin granules in Sur1−/− mice (f and g, respectively at
low and high magnification). h Ratio of gold particle density over
granules/cytoplasm. It is about six in beta cells from normal mice and
close to one in beta cells from Sur1−/− mice (p<0.001). Five hundred
and fifty-two insulin granules from five beta cells (two normal mice)
and 850 insulin granules from seven beta cells (two Sur1−/− mice)
were counted. Values are means±SD. Bars=125 nm
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increased from 400 to 3,600 ms, the fluorescent signal
was diffusely intense over the whole cytoplasm (Fig. 6b).
The specificity of the procedure was checked by competitive
displacement of 10 nmol/l glibenclamide–BODIPY-FL with
4 μmol/l unlabelled glibenclamide, which resulted in a
marked decrease of the fluorescent signal (data not shown).

After incubation with BODIPY-FL dye alone, as a
negative control, a weak fluorescent signal was detected
by the camera after the same period of recording (400 ms)
as that used for observation of the preparations incubated
with glibenclamide–BODIPY-FL (Fig. 6c). However, when

the recording time was increased to 3,600 ms, fluorescent
cytoplasmic dots larger than endocrine granules and fewer
in number were detected (Fig. 6d). Clusters of islet cells
from Sur1−/− mice were also incubated either with
glibenclamide–BODIPY-FL (Fig. 6e,f) or with BODIPY-
FL dye alone (Fig. 6g,h). In these islets lacking SUR1, the
two probes gave a similar labelling, comparable in shape
and intensity to that of BODIPY-FL dye alone in normal
clusters (compare Fig. 6e–h with Fig. 6c,d). No specific
labelling of glibenclamide–BODIPY-FL was thus detected
in the absence of SUR1.
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Fig. 5 Quantification of insulin and SUR1 gold particles in beta cells
from control and glibenclamide-treated rats. Insulin (a, b) and SUR1
(d, e) visualised by the immunogold particles in insulin granules from
control (a, d) and glibenclamide-treated rats (b, e). Distribution
histograms of the insulin (c) and SUR1 (f) number of gold particles
per insulin granule. As no membranes were visible, insulin granules
were identified by the presence of a spherical dense core surrounded
by a clear halo. Gold particles localised in empty vesicles were not
counted. Insulin and SUR1 histograms were determined, respectively,
from 524 or 180 (control, open columns) and 368 or 91 (glibenclamide-
treated, closed columns) insulin granules, in at least two beta cells from
two rats per group. Bar=120 nm
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in islets from control and glibenclamide-treated rats. a, b Somatostatin
and glucagon cells (red) surround central insulin cells (brown). b After
glibenclamide treatment, insulin immunostaining is markedly de-
creased (brown) as confirmed by the immunodensitometric measure-
ments (c). d SUR1 staining is present in all endocrine cells of the
islets, with a higher intensity in beta than non-beta cells. The staining
is particularly prominent in the secretory pole area (inset). e After
degranulation, SUR1 staining intensity is also decreased in beta cells
without modification in non-beta cells. A distinct membrane staining
is visible (inset). f Quantification of SUR1 immunostaining intensity.
A total of 88 and 112 control islets (open columns) and 119 and 71
glibenclamide-treated islets (closed columns) were examined for
insulin and SUR1 staining, respectively. SOD for both was signifi-
cantly decreased after degranulation (p<0.001). Bars=50 μm
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Discussion

Immunohistochemical techniques can be misleading when
the specificity of the antibody has not been strictly
assessed. SUR1 is a member of the ATP-binding cassette
transporter superfamily, whose members display high
homology in their sequence. Although the specificity of
our SUR1 antibody, directed against nucleotide-binding
domain 1, had been characterised by other methods [4], we
validated its use in immunohistochemistry by testing its
reactivity in tissues whose SUR type was established by
molecular and pharmacological approaches [35, 36].

In situ hybridisation studies have identified brain areas
abundantly expressing SUR1 in the hippocampus region.
Their immunolabelling served as a positive control of our
technique. Our detection of SUR1 in nerve fibres of the
pancreas extends a previous identification of KATP channels
in glucoresponsive neurons of the enteric nervous system
[37]. Whether the presence of these metabolic sensors in
intrapancreatic nerves has implications for the neural
control of islet hormone secretion is presently unknown.
The absence of SUR1 immunostaining in cardiac and
vascular muscle cells, which contain SUR2A and SUR2B,
respectively [6, 8, 35, 36], excludes possible cross-reactions
with other SUR isoforms. Finally, the decisive proof of the
specificity of our immunodetections was provided by the
absence of labelling in islets and other tissues from Sur1−/−

mice.

In beta cells, the major immunostaining of SUR1 was
cytoplasmic, as in two previous studies [15, 16]. The
punctate aspect of this labelling by conventional microsco-
py and its occasional concentration at one (secretory) [38]
pole of the cell were highly suggestive of the presence of
SUR1 in insulin-containing granules, in agreement with
recent proposals [16, 22]. This location may explain the
differences in the intensity of SUR1 labelling between beta
cells. Thus, within an islet, insulin immunostaining is
heterogeneous under both basal and stimulatory conditions
[31, 39, 40]. Our conclusion is directly supported by
ultrastructural investigations (immunogold technique)
showing a concentration of SUR1 over insulin granules.
A further proof was provided by a functional study based
on the evidence that, under controlled staining conditions,
the labelling intensity of an antigen immunodetected on
histological sections is correlated with its actual tissue
content [31]. Beta cell degranulation, by strong in vivo
stimulation of insulin secretion with glibenclamide admin-
istration to rats, decreased the SOD of immunolabelled
insulin and SUR1 to a similar average extent of 45%,
whereas no similar decrease in SUR1 occurred in non-beta
cells. A strong correlation has been observed between cellular
insulin content and number of 3H-labelled glibenclamide-
binding sites in different beta cell sources differing markedly
in their degree of granulation [18].

From functional studies it is evident that beta cell KATP

channels, hence SUR1, are present in the plasma mem-

Fig. 6 Comparison of glibenclamide–BODIPY-FL and BODIPY-FL
dye binding to islet cell clusters from normal and Sur1−/− mice. a
Control clusters incubated with glibenclamide–BODIPY-FL. Pictures
taken after 400 ms of recording time. The probe is localised to
punctate structures reminiscent of secretory granules. b When the
recording time was increased to 3,600 ms, the fluorescence was
saturated giving an intense signal over the whole cytoplasm. c, d
Control clusters incubated with BODIPY-FL dye alone; recording

time of 400 and 3,600 ms, respectively. The staining intensity is faint
when the recording time is the same as in a (c). A distinct signal is
detected after longer recording time (d). e–h Sur1−/− clusters
incubated with glibenclamide–BODIPY-FL (e, f) or BODIPY-FL dye
alone (g, h); recording times of 400 (e, g) and 3,600 ms (f, h). The
signal was similar with both probes and similar to that produced by
BODIPY-FL in control islets (d), meaning that this labelling is non-
specific. Bar=10 μm
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brane. Our results provide the first visualisation of SUR1 at
that level in human and rodent endocrine pancreas. This
localisation could be demonstrated in cells whose cytoplas-
mic staining was low, either spontaneously (variations
between beta cells) or after imposed degranulation with
glibenclamide, because of an increased contrast between
the plasma membrane and the cytoplasm. Like others [16,
19, 20], we found the glibenclamide–BODIPY technique
inadequate to localise SUR1 in the plasma membrane. In
this respect our ultrastructural studies were also disappoint-
ing because of the relatively poor preservation of mem-
branes by the technical conditions imposed by SUR1
immunodetection at the electron microscopic level. The
peptide was only detected at the sites of high concentration,
the endocrine granules. All this reinforces the conclusions
of binding or autoradiographic studies indicating that only
about 10% of glibenclamide-binding sites are associated
with the plasma membrane [18, 21]. When the cytoplasmic
background was low, SUR1 was also identified in the
nuclear membrane (not within the nucleus) of islet cells
from the three studied species. This localisation is in
agreement with one study [23], but contrasts with another
one [16], both being based on glibenclamide–BODIPY
binding in mouse islets.

Our study also unequivocally shows that SUR1 is
present in non-beta cells of mouse, rat and human islets,
with a predominant intracellular localisation, particularly in
glucagon and somatostatin granules. These results extend
the previous immunodetection of SUR1 in all endocrine
cells of rat islets [15]. Comparison of SUR1 staining
intensity in beta and non-beta cells revealed species
differences. In rat islets, the rim of alpha and delta cells
exhibited a fainter staining than did the core of beta cells.
This difference is at odds with the suggestion, based on in
situ hybridisation, that SUR1 expression is stronger in
alpha than beta cells of the rat [28]. However, it agrees with
the electron microscopic observation that the accumulation
of radioactive glibenclamide was about twofold lower in
non-beta than beta cells [21]. In contrast to rats and
humans, SUR1 staining intensity was similar or perhaps
even higher in non-beta than beta cells in mice. The
significance of these species differences is not known, but it
is noteworthy that current views of alpha cell stimulus–
secretion coupling ascribe a variable role to KATP channels
in the regulation of glucagon secretion by glucose in
different species [41].

The methods using radioactive [21] or fluorescent [16,
19] glibenclamide to visualise sulfonylurea-binding sites in
islet cells did not identify the molecular nature of these sites
and are not without pitfalls. We observed staining of islets
from Sur1−/− mice with glibenclamide–BODIPY-FL, but
this staining in the absence of SUR1 is unlikely to identify
a second specific binding site of glibenclamide (such as the

gSUR protein) since it was similar to that observed with
BODIPY-FL dye alone in both Sur1−/− or control islets.
This non-specific labelling in control islets was far less than
the 80% of total labelling measured in RINm5F cells [20].
We attribute this difference to the higher density of insulin
granules in normal beta cells compared with the cell line
[42], hence to a greater proportion of specific binding sites.

Overall, our data suggest that the gSUR protein is not
closely related to SUR1 and show that it is not detected by
glibenclamide–BODIPY-FL in intact cell clusters. It is
unclear whether this lack of detection is due to low
amounts or low affinity of gSUR for glibenclamide. The
latter possibility has previously been suggested [27].

The functional role of intracellular SUR1 cannot be
established by our morphological approach but a number of
possibilities can be envisaged. Because Kir6.2 has also
been localised to insulin granules by light or electron
microscopy [16, 22], it is plausible that the two proteins are
associated and form KATP channels. A first possibility is
that the channels use secretory granules to translocate to the
plasma membrane. However, whatever the technique of
visualisation used, we were unable to detect an increase in
SUR1 staining in the plasma membrane after stimulation of
insulin granule exocytosis. Moreover, this unusual mecha-
nism would not readily be compatible with the apparently
much shorter half-life of SUR1 [43, 44] than of insulin
stores in beta cells. Alternatively, KATP channels could
serve a specific function in the granules. A role in granular
maturation is unlikely because the ultrastructural aspect of
insulin granules is normal in Sur1−/− beta cells. It has been
suggested that the control of granular KATP channels by
ATP/ADP is important for the amplification of secretion
during the second phase of glucose stimulation [16].
However, this attractive hypothesis was not supported by
our demonstration that the amplifying pathway functions
normally in Sur1−/− beta cells lacking KATP channels [45].
Another proposal is that granular SUR1 regulates a Cl−

channel involved in granular acidification and represents an
intracellular target for hypoglycaemic sulfonylureas [27,
46]. However, we have previously challenged the view that
an intracellular site of action is important for the insulin-
releasing action of sulfonylureas [47]. Moreover, the effects
of intracellularly applied sulfonylureas on exocytosis, as
measured by capacitance changes, persist in Sur1−/− beta
cells [48], while extracellularly applied sulfonylureas are
inactive [12, 45, 48]. Finally, the acute acidification of
insulin granules produced by glucose does not require
SUR1 [49]. All these observations suggest that a protein
other than SUR1 is involved. Intriguingly, this protein is
not detectable by the glibenclamide–BODIPY technique.

In summary, our study immunolocalised SUR1 in alpha,
beta and delta cells of human, mouse and rat islets, and for
the first time visualised it in the plasma membrane. We also
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show that SUR1 is abundant in endocrine granules where
its function remains to be established. Finally, application
of the glibenclamide–BODIPY-FL technique to normal and
Sur1−/− islets did not identify specific sulfonylurea-binding
sites other than SUR1.
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