
Nitric oxide (nitrogen monoxide; NO) is an impor-
tant messenger molecule in various cell types, e.g. en-
dothelial cells [1], neurons [2], or T lymphocytes [3].
However, when produced in large amounts and over
prolonged periods of time, e.g. by macrophages [4],
NO is cytotoxic.

In pancreatic beta cells NO produced upon activa-
tion of the inducible isoform of NO synthase by cyto-

kines causes beta-cell destruction [5]. There is also
evidence that NO could function as signal transmitter
in beta cells. However, results obtained in pursuit of a
possible involvement of NO in the signalling pathway
of insulin secretion are controversial. Some investiga-
tions provided evidence that NO, presumably pro-
duced by a calcium/calmodulin-dependent constitu-
tive NO synthase (NOS), participates in the signal
transduction pathway mediating insulin secretion
[6], and that L-arginine-derived NO mediates insulin
secretion via stimulation of guanylate cyclase and
cGMP formation [7]. Others found no evidence for
endogenously produced NO being involved in the ini-
tiation of secretagogue-induced insulin release [8] or
reported that L-arginine-derived NO may even inhib-
it insulin release [9].

Recently, Willmott et al. [10] showed that beta
cells preloaded with tryptamine, which accumulates
in insulin-containing granules and is co-secreted with
insulin, respond to NO by mobilizing Ca2+ from the
endoplasmic reticulum accompanied by a release of
tryptamine from the cells. These data corroborate
our previous finding that exogenously added NO
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oxide (carboxy-PTIO), resulted in an inhibition of
the early phase of glucose-stimulated insulin secre-
tion by 60±65% and 46%, respectively. Light- and
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islets constitutively express NO-synthase in alpha and
delta cells, where it is confined to the secretory gran-
ules. Therefore, these data indicate that NO may be
important in the signal transduction pathway of the
early phase of glucose-stimulated insulin secretion.
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stimulates insulin secretion from INS-1 cells by in-
ducing calcium release from mitochondria [11].

The site of NO production, mainly analysed by the
immunohistochemical localization of NOS, in the
pancreatic islets has not yet been identified. Accord-
ing to some authors NOS is present in all islet cells
[6, 12] while others failed to detect NOS immunore-
activity in pancreatic islets and beta cells [13±15].
Therefore, our study also aimed to analyse the loca-
tion of NOS in the isolated rat islet model.

In the present study we provide evidence that the
immediate glucose-induced insulin secretion from
pancreatic islets requires the formation of NO, and
that NO may be formed by a constitutively expressed
NOS located in the vascular endothelium and islet al-
pha- and delta-cells.

Materials and methods

Materials. Collagenase A from Clostridium histolyticum was
purchased from Boehringer Mannheim (Rotkreuz, Switzer-
land); culture medium RPMI-1640 and newborn calf serum
(NCS) were from Gibco (Basel, Switzerland); rat insulin was
from Novo Nordisk (Bagsvaerd, Denmark). NG-Monomethyl-
l-arginine (l-NMMA), NG-monomethyl-d-arginine (d-
NMMA) and 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidaz-
oline-1-oxyl-3-oxide (carboxy-PTIO) were from Calbiochem
(Luzern, Switzerland).

For immunohistochemistry the following antisera were
used: antiserum SA-201 (Lot No: T3103; Biomol; Plymouth
Meeting Penn., USA) raised in rabbit against endothelial
NOS (eNOS); antiserum A 564 against insulin (Dako, Copen-
hagen, Denmark); antiserum 017060 against glucagon (Bio-
science, Emmenbrücke, Switzerland); antiserum NT 116
against somatostatin (Eugene Tech, New Jersey, USA); antise-
rum 615-R110-146-6 against pancreatic polypeptide (Dr.
R. Chance, Indianapolis, Ind., USA). For detailed information
on the antisera see Reference [16].

All other chemicals were of the highest purity commercial-
ly available.

Islet isolation and culture. Rat islets were isolated from collage-
nase-treated pancreata of newborn male and female (4±5 days
old) Zur:SD rats and precultured in RPMI-1640 (containing
11 mmol/l glucose) + 10 % NCS. After 4 days, islets were
washed and cultured for 2 days in RPMI-1640 + 1 mg/ml hu-
man serum albumin.

Perifusion protocol. Batches of 50 islets were placed in a peri-
fusion chamber with a volume of 300 ml and perifused with
Krebs-Ringer buffer at a flow rate of 600 ml per min.

During the first 49 min islets were perifused with 1.6 mmol/
l glucose. From min 49 to 59 the test substance was added to
the perifusion medium (e. g. l-NMMA). At min 59 the glucose
concentration was raised to 16 mmol/l for a period of 40 min
(min 59±99), with the test substance still present. Thereafter
(min 99±106), the glucose concentration was again lowered to
1.6 mmol/l. Fractions of the perifusate were collected each
minute for determination of insulin. Insulin was measured
with a competitive ELISA technique using rat insulin as stan-
dard [17, 18]. The detection limit was 0.1 ng/ml. The intra-
and interassay coefficient of variation was 6 and 9 %, respec-
tively.

Immunohistochemical studies. Rat islets isolated as described
above were fixed in a solution containing freshly made 2.5 %
paraformaldehyde, 0.1 % glutardialdehyde and 0.01 % picric
acid for about 4 h at room temperature. Thereafter, specimens
were dehydrated in an ascending series of ethanol and routine-
ly embedded in LR White (Polysciences, Warrington, PA.,
USA).

Light microscopy: Semithin sections (1.5 mm) were cut with a
Reichert-Jung Ultracut E (Reichert-Jung, Zürich, Switzer-
land) and treated with phosphate-buffered saline containing
2 % bovine serum albumin and 2 % normal goat serum to re-
duce unspecific binding. For analysis of the coexistence of clas-
sical islet hormones and NOS, four consecutive sections were
incubated consecutively for double immunofluorescence: the
first section was incubated with the rabbit pancreatic polypep-
tide-antiserum, the second with the rabbit eNOS-antiserum
(SA-201) and with the guinea pig insulin-antiserum, the third
with the eNOS-antiserum and the mouse glucagon-antiserum,
and the fourth with the eNOS-antiserum and the rat soma-
tostatin-antiserum. Incubations were carried out for 12 h at
4 �C. After buffer wash, the following secondary antisera were
applied: biotinylated sheep anti-mouse IgG (Amersham Inter-
national, Amersham, UK, 1 : 100) for the mouse glucagon-an-
tiserum, biotinylated goat anti-guinea pig IgG (Bioscience
Products, Emmenbrücke, Switzerland; 1 : 100) for the insulin-
antiserum and biotinylated sheep anti-rat IgG (Amersham,
1 : 100) for the rat somatostatin antiserum. Visualization was
obtained with streptavidin-Texas-Red (Amersham, 1 : 50).
For the detection and visualization of the rabbit antisera
against eNOS and pancreatic polypeptide, fluorescein-isothio-
cyanate (FITC)-conjugated goat anti-rabbit IgG (Bioscience
Products, 1 : 40) was used. Photomicrographs were taken with
a Zeiss Axiophot (Zeiss, Zürich, Switzerland). For photogra-
phy, the fluorochromes were visualized with fluorescence mod-
ules for FITC (BP 450±490 nm, FT 510, LP 515±565 nm) and
for Texas-Red (BP 546, FT 580, LP 590 nm). Examination of
co-existence was mainly carried out using a FITC/Texas-Red
module (BP 485/20 546/12, FT 500/560, LP 515±530/580±630).

Electron microscopy: Ultrathin sections were cut with a Rei-
chert-Jung Ultracut E. Sections were treated with 50 mmol/l
gelatine in 10 ml phosphate buffered saline (PBS) containing
0.2 g bovine serum albumin and rinsed in PBS. For single stain-
ing, sections were incubated with antiserum SA-201 (1 : 500)
overnight. After repetitive washing in PBS, anti-rabbit biotin
(1 : 50) was applied to the sections for 1 h at room tempera-
ture. After washing in PBS, a 10 nm sized streptavidin-gold
complex (1 : 50, Amersham was applied for 3 h at room tem-
perature. For double staining, sections were incubated with
NOS-antisera (1 : 200) and the mouse glucagon-antiserum
(1 : 700). After repetitive washing in PBS, anti-mouse biotin
labelled with 5 nm sized gold particles (1 : 25) and anti-rabbit
biotin (1 : 25) were applied to the sections for 1 h at room tem-
perature. After washing in PBS, a 15 nm sized streptavidin-
gold complex (1 : 50, Amersham) was applied for 1 h at room
temperature. Sections were rinsed in distilled water, air-dried
and counterstained with uranyl acetate for 4 min. Sections
were examined with a Philips EM 420 electron microscope.

Specificity controls: The specificity of the reactions obtained
was tested using the following controls: 1) replacement of the
primary antiserum by pre-immune or non-immune serum.
2) Preabsorption of the primary antisera with homologous
and heterologous antigens at 5±500 mg/ml of antiserum.

Preabsorption of antiserum SA-201 with synthetic eNOS at
a concentration of 10 mg/ml completely abolished staining. In
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contrast, preabsorption of antiserum SA-201 with synthetic
glucagon or somatostatin did not influence immunoreactions.
Reactions obtained by the antisera against the islet hormones
could be abolished only by preabsorption with the respective
antigen (10 mg/ml), but were still present after preabsorption
with synthetic eNOS at concentrations as high as 500 mg/ml.

Morphometric analysis: Two independent observers blinded to
the protocol evaluated both distribution and intensity of NOS-
immunoreactivity in the 28 islets investigated by double immu-
nofluorescence.

At the subcellular level, quantitative morphometry was
performed additionally. Two independent observers blinded
to the protocol counted the NOS-immunogold grains in the
following areas: secretory granules, extragranular cell com-
partment and extracellular space. The procedure was ap-
plied for alpha-, beta-, delta- and PP-cells as well for endo-
thelial cells. Countings were carried out on prints at a mag-
nification of 23000 using a transparent sheet with 1 nm2

squares.

Statistical analysis. Only perifusion experiments with islets
from different isolations were considered as separate experi-
ments. The areas under the curve (AUC) for the first and the
second phase were compared separately. For calculation the
first phase was defined from the earliest time point with an in-
creased insulin secretion after the glucose stimulus until the
time point with the lowest insulin level after the first peak.
Thereafter, the second phase commenced lasting until the end
of the glucose stimulation. In the figures, the beginning and
the end of the first phase are marked with arrows. Data were
analysed using the Wilcoxon matched pairs test. P less than
0.05 was considered significant.
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Fig.1. A, B Effects of l-NMMA (A) and d-NMMA (B) on
glucose-stimulated insulin secretion. Islets were perifused as
described in Materials and methods. l-NMMA and d-NMMA
were applied at a concentration of 0.5 mmol/l. Data are
means ± SEM of 5 experiments. Arrows denote the beginning
and end of the first phase. Traces show control (S), l-
NMMA- (6) and d-NMMA-exposed (T) islets, respectively



Results

Perifusion studies. Rat islets perifused with buffer
containing 1.6 mmol/l glucose secrete little insulin,
i. e. 5±10 pg/islet � min. Increasing the ambient glu-
cose concentration from 1.6 to 16 mmol/l results in a
typical biphasic pattern of insulin secretion (Fig.1).
The first phase starts roughly 2 min after the increase
of the glucose concentration and lasts for approxi-

mately 9 min. The second phase is characterized by a
sustained insulin release with slow oscillations with a
frequency of 7 to 10 min.

The NOS inhibitor, l-NMMA [19], at a concentra-
tion of 0.5 mmol/l had no influence on insulin secre-
tion at low ambient glucose, but markedly (by 62%)
inhibited the first phase of high glucose-stimulated
insulin secretion (Fig.1 A). Thus, the AUC for the
first phase was 42.9 ± 3.7 pg/islet � min and 16.3 ±
3.1 pg/islet � min in controls and l-NMMA-exposed
islets, respectively (p < 0.05). The second phase was
not altered by l-NMMA, the AUC being 44.6 ±
3.9 pg/islet � min and 46.1 ± 8.6 pg/islet � min in con-
trols and l-NMMA-exposed islets, respectively.

The enantiomer d-NMMA, which does not inhibit
NOS [20], was used as control. As shown in Fig-
ure 1B, 0.5 mmol/l d-NMMA had no effect on insulin
secretion, the AUC for the first phase being 42.9 ±
3.7 pg/islet � min and 39.8 ± 2.1 pg/islet � min in con-
trols and d-NMMA-treated islets, respectively, and
for the second phase 44.6 ± 3.0 pg/islet � min and
52.3 ± 4.5 pg/islet � min controls and d-NMMA-
treated islets, respectively.

Significant inhibition of the first phase of insulin
secretion was achieved with l-NMMA concentra-
tions of 0.1±1 mmol/l (Table 1), while 5 mmol/l had
no inhibitory effect. Addition of 10 mmol/l carboxy-
PTIO, an NO scavenger [21], to the perifusion medi-
um resulted in an inhibition by 46% of the first phase
of insulin secretion (Fig.2). The AUC was 42.5 ±
6.9 pg/islet � min and 23.3 ± 5.1 pg/islet � min in con-
trols and carboxy-PTIO-exposed islets, respectively
(p < 0.05). The second phase was not affected, the
AUC being 40.7 ± 8.3 pg/islet � min and 38.4 ±
12.4 pg/islet � min in controls and carboxy-PTIO-ex-
posed islets, respectively.

Immunohistochemistry. We subjected 28 islets from 4
different isolates to light-microscopical and 8 islets
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Table 1. Inhibition of the first phase of insulin secretion by
various concentrations of l-NMMA

l-NMMA (mmol/l) % inhibition of insulin secretion

0.1 65 ± 15a

0.5 62 ± 10a

1 60 ± 17a

5 30 ± 20

Data are man ± SEM of five experiments. a p < 0.05 vs control
(0 % inhibition)

Table 2. Distribution patterns and intensity of NOS-immuno-
fluorescence in 28 rat islets

Alpha cell
(n = 968)

Beta cell
(n = 1262)

Delta cell
(n = 314)

PP cell
(n = 163)

Intensity +++ ± +/++ ±
Percentage of
reacting cells 65 ± 30 ± 76 ± 23 ±

Data are mean ± SEM
Islets were analysed as described in Materials and Methods

Fig.2. Inhibition of glucose-stimulated insulin secretion by car-
boxy-PTIO. Islets were perifused as described in Materials and
methods. Carboxy-PTIO was applied at a concentration of
10 mmol/l. Data are means ± SEM of 5 experiments. Arrows
denote the beginning and end of the first phase. Traces show
control (S) and carboxy-PTIO-exposed (6) islets, respectively



to electron-microscopical immunohistochemistry.
NOS-immunoreactivity was observed in all islets in-
vestigated and was located in cells of the vascular en-
dothelium and in islet cells. In the electron-micro-
scope, the endothelial cells showed immunogold la-
belling dispersed over the cytoplasm (Fig.3). NOS-
immunoreactive islet cells were mainly at the islet pe-

riphery (Fig.4) but occasionally also randomly dis-
tributed throughout the islets. NOS-immunoreactivi-
ty was mainly found in the alpha-, i. e. glucagon-im-
munoreactive cells (Figs.3 and 4) and in the delta-,
i. e. somatostatin-immunoreactive cells (Fig.4) but
not in beta-, i. e. insulin-immunoreactive cells. In all
islets investigated NOS-immunoreactive alpha- and
delta-cells were present although their relative num-
bers varied among the islets. The percentage of al-
pha- and delta-cells containing NOS-immunoreac-
tivity ranged from 20 to 100% with an average of
65% (alpha-cells) and 76% (delta-cells), respectively
(Table 2). At the subcellular level, NOS-immunore-
activity was confined to the secretory granules of
both alpha- and delta-cells (Fig.3, Table 3) and in
the cytoplasm of endothelial cells. The faint immuno-
gold staining observed in the granules of some beta
and PP cells as well as in the extragranular cell com-
partment (Table 3) most likely represents back-
ground reactivity but may also reflect sensitivity dif-
ferences between immunofluorescence and the im-
munogold technique.
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Fig.3 a±d. Subcellular localization of NOS-immunoreactivity
in cells of isolated rat islets. a. Immunogold labelling is found
throughout the cytoplasm of the vascular endothelial cell.
Scale bar: 0.7 mm. b. No labelling occurs in the beta cells on
the left side, whereas the secretory granules of the alpha cell
on the right side contain NOS-immunoreactivity (large gold
particles). The alpha cell is identified by its glucagon-immu-
noreactivity (small gold particles). Scale bar: 2 mm. c. Higher
magnification of alpha cell granules. The secretory granules ex-
hibit both labelling by small gold particles, i. e. glucagon-immu-
noreactivity, and large gold particles, i. e. NOS-immunoreactiv-
ity. Scale bar: 0.2 mm. d. Part of a delta cell. NOS-immunoreac-
tivity is present in several secretory granules. Scale bar: 1 mm



Discussion

Perifusion of rat islets with the NOS inhibitor l-
NMMA, but not with its inactive enantiomer d-
NMMA acutely inhibits the early phase of glucose-

stimulated insulin release, the maximal inhibition be-
ing observed with concentrations of 0.1±1 mmol/l of
l-NMMA. Inhibition is also achieved with the NO-
scavenger carboxy-PTIO. These findings provide
compelling evidence that NO is involved in the regu-
lation of the early phase of glucose-stimulated insulin
secretion and support the notion that NO plays a role
in the secretagogue-induced signal transduction in rat
pancreatic islets.

Our findings corroborate some previously pub-
lished data. Schmidt and co-workers [6] found with
HIT cells that l-arginine-induced insulin release in
the presence of glucose is partly mediated by NO.
Laychock et al. [7] incubated isolated rat islets for
20 min with l-NMMA and demonstrated that glu-
cose- and l-arginine-stimulated insulin release de-
pends partly on the endogenous formation of NO
and cGMP. Furthermore, continuous infusion of glu-
cose together with a NOS inhibitor into conscious
calves resulted in reduced plasma insulin and elevat-
ed plasma glucose concentration [22].

However, a number of studies seem to argue
against a stimulatory effect of NO on insulin secre-
tion. Thus, incubation of islets for 30 min with an
NOS inhibitor did not result in a detectable inhibi-
tion of insulin release [8]. Since in these experiments
accumulated insulin was measured possible changes
of the early insulin secretory phase may have been
masked. In anaesthetized rats [23] or with chronic ad-
ministration of NG-nitro-l-arginine-methyl ester (l-
NAME) to rats [24] no significant effects of NOS in-
hibition on insulin release could be observed. Simi-
larly, perfusion of rat pancreata with 5 mmol/l l-
NAME had no effect on insulin secretion, while on
the other hand perfusion with 5 mmol/l l-NMMA re-
sulted in increased insulin levels [25]. These experi-
ments are, however, difficult to compare with our
perifusion system since in vivo administration or pan-
creas perfusion with NOS inhibitors may exert addi-
tional systemic effects such as vasoconstriction [23]
or interfere with neuronal mechanisms which could
affect insulin release [26]. Furthermore, NOS inhibi-
tion may also cause an increase in islet capillary
blood flow [27].

Recent studies suggest that l-arginine-derived NO
may even suppress insulin release, since addition of l-
NAME to the incubation medium resulted in an in-
crease of insulin release [12, 28, 29]. However, in
these studies a very high concentration of l-NAME
(5 mmol/l) was used. According to Drews et al. [30]
such a high concentration of l-NAME depolarizes
the beta cell similarly to l-arginine and may trigger
insulin release. Such an effect could explain why also
in the present study 5 mmol/l of l-NMMA did not in-
hibit glucose-induced insulin secretion any longer. A
severely impaired glucose-induced insulin secretory
capacity was also observed after a 48 h exposure of
rat islets to 4.5 mmol/l aminoguanidine, another
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Fig.4 a±f. Localization of NOS-immunoreactivity in isolated
rat islets as revealed by double immunofluorescence of NOS
(a) and insulin (b), NOS (c) and glucagon (d) and NOS (e)
and somatostatin f on three consecutive semithin sections.
a, b. NOS- and insulin-immunoreactivities are present in dif-
ferent subpopulations of islet cells. c,d. Partial co-existence
of NOS- and glucagon-immunoreactivities (arrows).
e, f. NOS-immunoreactivity in somatostatin-immunoreactive
cells (arrowheads). Scale bar 20 mm



NOS inhibitor [31]. At this concentration aminogua-
nidine may be toxic to pancreatic islets [31].

The demonstration that endogenously produced
NO participates in the signal transduction pathway of
insulin secretion warrants the search for the presence
of NO producing cells within the islets. Whether pan-
creatic islets, particularly the endocrine islets, consti-
tutively express NOS is still a matter of discussion.
Some investigators described NOS-immunoreactivity
and/or NADPH-diaphorase staining in the majority
of rat and mouse islet cells [6, 12], whereas others
failed to detect NOS-immunoreactivity in human
and rat islets [13±15]. Apart from the important influ-
ence of the fixation procedures used [14, 15] and spe-
cies differences, the existence of local isoforms of
NOS may account for the observed discrepancies [15].

The present study confirms the presence of NOS-
immunoreactivity in the endocrine pancreas. The
NOS-immunoreactivity, as assessed by immunofluo-
rescence was confined to alpha cells and some delta
cells and was not detectable in beta cells, while with
the immunogold technique faint staining was also ob-
served in some beta and PP cells. The finding that
delta cells constitutively express NOS is an accor-
dance with recent data obtained with murine and hu-
man pancreases [32]. To our knowledge, the presence
of NOS in alpha cells has not been reported so far.

Our immunocytochemical studies demonstrating
that NOS-immunoreactivity is mainly confined to
the secretory granules of alpha and delta cells, repre-
sent the first ultrastructural localization of the en-
zyme in cells of the endocrine pancreas. The subcellu-
lar localization of NOS in endocrine islet cells is in ac-
cordance with recent reports describing NOS in
secretory granules of gastric D-cells [32] and in syn-
aptic vesicles of enteric neurons [33].

The presence of NOS-immunoreactivity in the
secretory granules may indicate the production and
subsequent diffusion of NO from alpha and delta cells
to beta cells. The effects of NO on glucose-stimulated
insulin release from beta cells under physiological
conditions could, therefore, be exerted in a paracrine
manner by neighbouring alpha and/or delta cells or
by endothelial cells. However, since we only looked

for eNOS-immunoreactivity we cannot exclude that
other isoforms of the enzyme, e. g. nNOS or iNOS
may be expressed in the beta cells themselves. Further
studies including Western blot analysis and assess-
ment of enzyme activity in different islet cell types
are needed, particularly since faint immunogold stain-
ing for NOS was also seen in some beta and PP cells.

The mechanism by which NO triggers insulin re-
lease remains to be elucidated. There are different
possibilities which warrant further investigation: NO
could mobilize Ca2+ from the endoplasmic reticulum
as recently demonstrated in sea urchin eggs by Will-
mott et al. [34] or from the mitochondrial Ca2+ pool
[11, 35]. Another possible target for NO could be the
insulin vesicle, since in synaptosomes NO modulates
synaptic vesicle docking fusion reactions [36]. Finally,
NO could interact with some receptors on the beta
cell surface or with ion channels as was suggested for
neurons [37±41].

In summary, the data presented here show that the
early phase of glucose-stimulated insulin secretion is
at least partly mediated by NO which could be pro-
duced in islet alpha and delta cells.
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