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Glucose decreases extracellular adenosine levels
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The pancreatic islets of Langerhans are responsible for the regulated release of the endocrine hormones insulin and
glucagon that participate in the control of glucose homeostasis. Abnormal regulation of these hormones can result in
glucose intolerance and lead to the development of diabetes. Numerous efforts have been made to better understand
the physiological regulators of insulin and glucagon secretion. One of these regulators is the purine nucleoside,
adenosine. Though exogenous application of adenosine has been demonstrated to stimulate glucagon release and
inhibit insulin release, the physiological significance of this pathway has been unclear. We used a novel 7 mm enzyme-
coated electrode biosensor to measure adenosine levels in isolated rodent islets. In the mouse islets, basal adenosine
levels in the presence of 3 mM glucose were estimated to be 5.7 ± 0.6 mM. As glucose was increased, extracellular
adenosine diminished. A 10-fold increase of extracellular KCl increased adenosine levels to 16.4 ± 2.0 mM. This release
required extracellular Ca2+ suggesting that it occurred via an exocytosis-dependent mechanism. We also found that while
rat islets were able to convert exogenous ATP into adenosine, mouse islets were unable to do this. Our study
demonstrates for the first time the basal levels of adenosine and its inverse relationship to extracellular glucose in
pancreatic islets.

Introduction

The pancreatic islets of Langerhans are heterogeneous clusters of
various hormone-releasing endocrine cells that are involved in the
regulation of metabolism and systemic energy homeostasis. The
two hormones that have received the most attention in both basic
and clinical research fields are insulin from β-cells and glucagon
from a-cells, which mediate opposing actions on glucose
metabolism. While insulin is responsible for inhibiting hepatic
gluconeogenesis and promoting glucose uptake into peripheral
tissues, thereby decreasing blood glucose levels; glucagon
stimulates gluconeogenesis and glycogenolysis, thereby increasing
blood glucose levels. The regulated release of insulin and glucagon
is, therefore, responsible for the tight control of blood glucose
levels in healthy individuals. Insufficient levels or activity of
insulin, and abnormal elevations of glucagon have been associated
with the development of impaired glucose tolerance leading to
diabetes mellitus.1 Therefore, understanding the physiological
regulation of these two hormones and the changes of these
regulatory mechanisms in pathological states may lead to further
therapeutic options.

Adenosine signaling is emerging as a candidate regulator of
insulin and glucagon release. Adenosine is an endogenous purine

nucleoside that is present in all cell types of the body. Over the
last few decades, the direct receptor-dependent signaling pathways
of adenosine have gained attention for their therapeutic potential.
Adenosine carries out its physiological effects by activating surface
adenosine receptors, of which there are four subtypes identified:
A1, A2A, A2B and A3.2 These adenosine receptors have been found
to be ubiquitously distributed throughout the body in a non-
uniform manner and numerous physiological functions of
adenosine have been characterized.3 A previous study identified
adenosine A1 receptors on β- and a-cells as well as adenosine A2A

receptors on a-cells, suggesting a potential direct adenosine
signaling pathway on the release of these hormones.4 Studies have
shown that adenosine and A1 receptor agonists inhibit insulin
release in the perfused rat pancreas5 and in the β-cell tumor cell
line, INS-1.6,7 Adenosine and its analogs have also been
demonstrated to stimulate glucagon release in the perfused rat
pancreas in a concentration-dependent manner8 and to potentiate
arginine-induced glucagon secretion.9 Although the pharmaco-
logical effects of adenosine on inhibiting insulin secretion and
potentiating glucagon secretion have been postulated, evidence for
the endogenous release of adenosine in the pancreas is lacking.

Indirect evidence for the production of adenosine by islet cells
has come from examination of the release of ATP. ATP is present
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in insulin-containing granules of β-cells10-13 and has been shown
to be released following stimulation prior to the release of
insulin.14 ATP can also be released in a regulated manner from
sympathetic and parasympathetic nerves as well as intrinsic nerves
within pancreatic islets.15-18 The metabolism of released ATP
could potentially lead to changes in extracellular adenosine
levels in islets. However, a recent study suggested that the enzyme
required for the last step of converting ATP into adenosine,
ecto-5' nucleotidase, may not be present in mouse and human
islets; although this enzyme is present in rat islets.19 Therefore,
the notion of ATP being the source of adenosine in pancreatic
islets may be species-specific. In addition, it remains unclear
how adenosine levels may vary during different metabolic
conditions.

Under physiological conditions, the half-life of extracellular
adenosine has been estimated to be less than 10 sec20 but accurate
real time measurements characterizing the changes of adenosine
level have proved to be challenging. Enzyme-coated electrode
biosensors have been developed to enable the real-time
measurement of adenosine levels directly in tissues.21,22 In this
study, similar biosensors were used to determine the levels of
adenosine in mouse and rat islets. Changes in adenosine levels
under different glucose conditions were also assessed. In addition,
the mechanisms involved in the release of adenosine were also
examined.

Results

Effect of exogenous glucose on extracellular adenosine levels. To
determine the adenosine concentration in isolated mouse islets,
the adenosine and null biosensors (Fig. 1, see Materials and
Methods) were placed in the proximity of a pancreatic islet.
Current changes were not detected on either the adenosine
biosensor or the null sensor. To increase the contact surface area
between the biosensor enzymes and the pancreatic islets, the
electrodes were inserted through the center of the islets. In order
to fully cover the enzyme-coated regions of the electrodes with
islets, multiple islets were penetrated in sequence (Fig. 2A). Levels
of adenosine were extrapolated by comparing the difference in the
currents measured from the adenosine and the null biosensors
against a standard curve, which had the baseline measured after
removing the islets. The rapid increases in adenosine levels
following each penetration returned to a steady-state within 10
min. Although basal adenosine levels during perifusion of 3 mM
glucose remained relatively steady for each islet preparation,
variations between different preparations and islets from different
animals were apparent. Furthermore, the number of islets that
were effectively attached to the sensors in each experiment also
varied. Basal adenosine concentration from different islet
preparations ranged from 1.2–11.6 mM with an average of 5.7
± 0.6 mM (n = 27). To account for this variation, each set of islet
preparations served as its own control in all experimental
conditions.

To determine the relationship between extracellular glucose
concentration and adenosine levels in pancreatic islets, glucose
concentrations between 0–25 mM were tested. A decrease in

glucose concentration from 3–0 mM caused an increase in
adenosine levels (Fig. 2B). Conversely, an increase in glucose
concentration from 3 mM to 5–25 mM caused a decrease in
adenosine levels (Fig. 2C and D). Furthermore, glucose concen-
trations above 8 mM did not seem to cause any further decrease in
adenosine levels. These results suggest that glucose decreases
adenosine levels in mouse islets with maximum inhibition
achieved at glucose concentrations $ 8 mM. This inverse
glucose-adenosine relationship was well fitted by the Hill equation
with a dissociation constant of 4.6 mM and a Hill coefficient of 3
(Fig. 2D):

Mechanisms involved in the release of adenosine in the mouse
islets. To determine whether adenosine is released from islet cells
via an exocytosis-dependent mechanism or via nucleoside
transporters, we investigated the effect of KCl-induced membrane
depolarization of the islet cells. In the presence of 30 mM KCl,
adenosine concentration increased by 3-fold (Fig. 3A and C). In
addition, this effect of KCl was only apparent in the presence of

Figure 1. Concentration-dependent relationship between adenosine
concentration and the measured current. Different concentrations of
exogenous adenosine generated a change in the current recordings on
the adenosine biosensor (A). A linear concentration-dependent rela-
tionship of exogenous adenosine concentration to the recorded current
by the biosensor passes through the origin; n = 6 for each point (B). The
enzymes coated on the biosensor and the series of reactions that occur
are shown (C).
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Ca2+. In the absence of extracellular Ca2+, basal
adenosine levels were lower and did not respond
to exogenous KCl (Fig. 3B and C). Since Ca2+

influx is required for exocytosis to occur, the
lower adenosine concentrations and the lack of
an effect of KCl in the absence of Ca2+ suggest
an exocytosis-dependent source of extracellular
adenosine in the mouse islets. To determine
whether adenosine is also released through
nucleoside transporters, the effects of the
nucleoside transporter blockers, NTBI and
dipyridamole, were investigated. In the presence
of NTBI (50 mM) alone or in combination with
dipyridamole (10 mM), adenosine concentra-
tions were not significantly different from
control levels (Fig. 3). These results suggest that
the nucleoside transporters are unlikely to be
involved in the generation of basal adenosine
levels.

To determine whether adenosine is released
from the islets as adenosine or as a consequence
of ATP metabolism, we used an ATP biosensor.
The ATP biosensor did not detect any basal
ATP levels and was not responsive to exogenous
KCl (Fig. 4A). We added exogenous ATP to
determine whether it could be rapidly broken
down into adenosine in the extracellular space.
In the presence of ATP, adenosine levels did not
significantly change (Fig. 4A). To test the
possibility that ATP could be packaged into
exocytotic granules and converted to adenosine
by granular nucleotidases, exocytosis was
induced by KCl followed by infusion of ATP.
In the presence of KCl, extracellular adenosine
levels increased; however, exogenous infusion of
ATP did not induce a further increase in
adenosine concentration (Fig. 4A and B).
These studies suggest that extracellular adenosine
in the islets is unlikely to arise from the
breakdown of ATP.

Regulation of adenosine levels in the rat islet.
The observation that the administration of ATP
to the isolated mouse islets did not increase
extracellular adenosine levels (Fig. 4B) is in
agreement with the previous observation that
the extracellular enzyme responsible for convert-
ing AMP into adenosine, ecto-5'-nucleotidase,
was not identified in the mouse islets.19 However
in the same study, the authors did find ecto-5'-
nucleotidase immunoreactivity in rat islets. To
determine whether rat islets are thus capable of
converting ATP to adenosine, exogenous ATP
was administered. In the presence of 100 mM
ATP, adenosine levels increased and this
occurred also in the absence of extracellular
Ca2+ (Fig. 5A and B). Furthermore, the nucleo-

Figure 2. Concentration-response relationship between glucose concentration and aden-
osine concentration. (A) Photograph showing the adenosine biosensor (left) penetrating four
mouse islets and the null biosensor (right) penetrating two mouse islets. Islet penetration
was continued until the polymer-coated tips of the biosensors were completely covered.
Sample traces showing the net current changes when exogenous glucose concentration was
changed from the basal 3–0 mM (B) and 16.7 mM (C). An inverse glucose-dependent
relationship of adenosine levels was well fitted by a modified Hill equation: [Ado] = 2.1 mM
+7.3 mM/{1+([glucose]/K)h}, where K was 4.3 mM and h, the Hill coefficient, was 3; [Ado] was
in micromolars and [glucose] was in millimolars; n = 5 for each point (D). *p # 0.05 when
compared with 3 mM glucose treatment.

Figure 3. Effect of KCl and Ca2+ on changes in adenosine concentration in mouse islets.
Sample traces showing the net current changes when exogenous KCl was given in the
presence (A) and absence (B) of exogenous Ca2+. (C) Summarized data showing that KCl
increased adenosine concentration only in the presence of Ca2+. *p # 0.05 when compared
with 3 mM glucose control with Ca2+; †p # 0.05 when compared with 3 mM glucose control
without Ca2+; n $ 5. (D) The effects of the nucleoside transporter inhibitors, NTBI and
dipyridamole, on adenosine concentration under 3 mM glucose are shown; n $ 3.
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tidase inhibitors, POM-1 (inhibitor of NTPDases23) and GMP
(inhibitor of ecto-5'-nucleotidase24), inhibited the increased
adenosine levels observed with exogenous ATP (Fig. 5B). The
non-metabolizable analog of ATP, a-, β-methylene ADP, which is
also an inhibitor of the ecto-5'-nucleotidase, did not cause an
increase in adenosine levels (Fig. 5B).

To determine whether or not adenosine levels in rat islets are
also regulated by glucose in a Ca2+-dependent mechanism,
different conditions were tested. Adenosine levels in the rat islets
were higher in the presence of 3 mM glucose compared with that
in the presence of 16.7 mM glucose (Fig. 5C). Furthermore,
exogenous infusion of 30 mM KCl caused an increase in
adenosine levels. As in mouse islets (Fig. 3C), the KCl-induced
increased in adenosine levels only occurred in the presence of Ca2+

(Fig. 5C).
Islet cell type responsible for the release of adenosine. The two

main islet cell types in the endocrine pancreas are the insulin-
releasing β-cells and the glucagon-releasing a-cells. To determine
whether or not adenosine was released from these two cell types,
we used L-arginine and forskolin. In the presence of low
extracellular glucose, both L-arginine and forskolin stimulate
glucagon release while in the presence of high extracellular glucose
they stimulate insulin release. At 3 mM glucose, neither
L-arginine nor forskolin affected adenosine release (Fig. 6).
Although adenosine levels were lower when 16.7 mM glucose
was perfused, L-arginine and forskolin did not affect adenosine
release compared with glucose alone controls (Fig. 6).

Discussion

In this study, basal levels of adenosine
in isolated mouse islets were deter-
mined to be in the micromolar range.
This is highly relevant as this concen-
tration of adenosine will activate aden-
osine receptors and has been previously
shown to stimulate glucagon release8,9

and inhibit insulin release.5-7

Furthermore, a previous study has
suggested that adenosine receptor
activation in the islets may delay or
prevent the onset of autoimmune type
1 diabetes due to immunomodula-
tion.25 Our data therefore suggest that
adenosine is not only a physiologically
relevant and significant regulator of the
release of pancreatic hormones but
may also be potential candidate in
treating diabetes.

We have also demonstrated for the
first time that adenosine levels are
inversely correlated with extracellular
glucose concentrations in mouse islets.
This is consistent with the proposed
role of adenosine as an insulin inhib-
itor and a glucagon secretagogue. Thus

Figure 4. Effect of exogenous ATP on changes in adenosine levels in
mouse islets. (A) Sample traces showing the net current changes
detected by ATP (top) and adenosine (bottom) biosensors in the
presence of exogenous KCl and ATP. (B) The effect of exogenous ATP on
adenosine concentration in the presence and absence of KCl. *p # 0.05
when compared with 3 mM glucose control; n = 5.

Figure 5. Effect of ATP, glucose and KCl on adenosine concentrations in rat islets. (A) Sample traces
showing the net current changes detected by ATP (top) and adenosine (bottom) biosensors in the
presence of exogenous KCl and ATP. (B) The effect of exogenous ATP on adenosine concentration when
given alone in the presence or absence of Ca2+, and also when given in conjunction with nucleotidase
inhibitors, POM-1 and GMP. *p # 0.05 when compared with 3 mM glucose control; n $ 3.
(C) Summarized data showing that KCl increased adenosine concentration only in the presence
of Ca2+. †p# 0.05 when compared with 3 mM glucose control with Ca2+; 4p# 0.05 when compared with
3 mM glucose control without Ca2+; n $ 3.
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under low glucose conditions, endogenous adenosine levels are
sufficiently high to inhibit insulin release and stimulate glucagon
release. Conversely, under elevated glucose conditions, adenosine
levels decrease along with glucagon release while insulin release is
augmented. Therefore, our data suggest that adenosine may act as
a paracrine or autocrine signal in the pancreatic islets and thereby
contribute to the regulation of hormone secretion.

Adenosine in a tissue typically arises from cellular release via
nucleoside transporters or from the breakdown of adenine
nucleotides by ectonucleotidases.26 The islets of Langerhans are
composed mainly of endocrine cells that secret various vesicle-
stored hormones via exocytosis. In addition, purine nucleotides
such as ATP have been postulated to be released in conjunction
with the stored hormones.10-14 Therefore, it is possible that the
extracellular adenosine in the islets could be derived from an
exocytotic source. This was indeed demonstrated in the present
study whereby depolarizing the islet cells with a high concentra-
tion of KCl induced an increase in adenosine levels and this only
occurred in the presence of extracellular Ca2+, which is required
for exocytosis to occur. In addition, the lack of an effect of the
nucleoside transporter inhibitors, NTBI and dipyridamole, on
adenosine levels, suggests a minimal involvement of nucleoside
transporters in maintaining basal adenosine levels in the islets.

It was previously postulated that the concurrent release of ATP
with insulin would result in a build-up of adenosine metabolized
from extracellular ATP.27 The accumulated adenosine was
postulated to act as feedback inhibition on β-cell insulin secretion
while stimulating glucagon secretion from the a-cells; thereby
contributing to the generation of the anti-synchronous pattern in
the oscillatory release of insulin and glucagon.27 While the
regulatory role of adenosine is not in question, our data suggest
that the postulated source of adenosine in this model is incorrect
for the following reasons. First, the inverse relationship between
glucose concentration and adenosine release is the opposite result
of what would be expected if adenosine were produced from ATP
co-packaged with insulin in the secretory granules of β-cells.
Second, a recent immunohistological study demonstrated that the
enzyme ecto-5' nucleotidase is not present in mouse and human

islets suggest that extracellular ATP would not be converted into
adenosine in these species.19 We have now presented new
functional evidence that extracellular ATP cannot be broken
down into adenosine in mouse pancreatic islets. Our observation
complements the prior histological data. Even after exocytosis was
induced, ATP was still not broken down into adenosine,
suggesting that adenosine itself may be packaged into exocytotic
granules. Intriguingly, islets isolated from rat pancreata were able
to convert extracellular ATP into adenosine. Blockade of
ectonucleotidase activity with POM-123 and the competitive
substrate GMP28 also inhibited this ATP-induced increase in
adenosine supporting the role of ectonucleotidases. However, it is
possible that alkaline phosphatases also exist in the rat islets and
assist in the conversion of ATP to adenosine and this may in part
account for the incomplete blockade by POM-1 and GMP. The
conversion of exogenous ATP to adenosine also occurred in the
absence of Ca2+ suggesting that it was an exocytosis-independent
mechanism. The ATP analog a-, β-methylene ADP (resistant to
hydrolysis) did not affect adenosine levels. Our data, therefore,
suggest that rat islets have ectonucleotidases necessary to convert
ATP into adenosine and is in agreement with the previous
immunohistological study demonstrating that rat islets contain
ecto-5' nucleotidase immunoreactivity.19

Glucagon secretion is higher under low glucose conditions and
is inhibited by higher glucose conditions. Thus, the inversely-
correlated levels of adenosine and glucose are consistent with the
hypothesis that the glucagon-releasing a-cells may be the source of
adenosine release. However, results of the present study do not
support this hypothesis. In the presence of low extracellular
glucose and in the presence of the secretagogues, L-arginine and
forskolin that would stimulate the a-cells, adenosine levels were
not significantly altered. Both L-arginine and forskolin while
being secretagogues of glucagon under low extracellular glucose
stimulate insulin release under high extracellular glucose.29,30

However, under both glucose conditions, neither secretagogue, at
concentrations that have been previously demonstrated to affect
insulin and glucagon release,29,30 had a significant effect on
adenosine levels compared with basal levels. Despite the variations
observed within a treatment group, we did not observe any
significant changes in adenosine concentration following admin-
istration of the secretagogues that would have been expected if
adenosine release was in conjunction with the islet hormones. The
simplest interpretation of our results is that perhaps neither a-cells
nor β-cells release adenosine, and that it is not co-released with
either insulin or glucagon. However, these cell types could be
cellular sources if adenosine were packaged in a different subset of
secretory granules that were regulated in a different way from
glucagon- or insulin-containing granules. GABA has been
postulated to reside in a different population of synaptic-like
secretory granules from insulin in the β-cells and be released by
exocytosis under different conditions from the insulin gran-
ules.31,32 Therefore, the cellular source of adenosine release is at
present unclear.

Although numerous studies have demonstrated that ATP is
co-released with insulin from β-cells,10-14 the present studies using
an ATP biosensor did not detect any basal levels of ATP or any

Figure 6. Effect of forskolin and L-arginine on adenosine levels in mouse
islets. Summarized data are shown demonstrating the lack of effect of
L-arginine and forskolin on adenosine concentration when given at 3
or 16.7 mM glucose. Data for drug treatments were not significantly
different when compared with respective glucose controls. n $ 4.
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changes in ATP following glucose or KCl stimulation. It is
possible that ATP is released in a site-specific manner and that the
breakdown of ATP into ADP or AMP occurred too rapidly for the
biosensor to detect these changes. Furthermore, in the rat islets
that had the necessary enzymes to break ATP into adenosine,
ATP levels were also not detectable. It is, therefore, unclear at this
point as to why the ATP biosensor was not able to measure ATP
in the isolated islets and more studies are thus warranted.

In conclusion, we have used novel 7 mm carbon fiber enzyme-
coated electrode biosensors to demonstrate for the first time that
adenosine levels in the mouse and rat islets are inversely correlated
with glucose levels. Furthermore, we determined that adenosine is
released through an exocytosis-dependent mechanism. Our study
also demonstrated the first functional evidence that while mouse
islets cannot breakdown extracellular ATP into adenosine, rat
islets can. The exact physiological consequences of this difference
remain to be elucidated. Since human islets have also been
suggested to not possess ecto-5' nucleotidase, mice may be a better
model for the study of adenosine in islet physiology. Future
studies should focus on examining the specific cell types in islets
that are responsible for the release of adenosine. The biosensor
technology we developed may be applied to determine real-time
changes in adenosine levels in other small tissues or regions.

Materials and Methods

Isolation and culture of pancreatic islets. Isolation procedures of
mouse pancreatic islets were essentially as previously described.33

Sprague-Dawley rats (16–22 d old) and B6 CB F1 mice (5–6
weeks old) were sacrificed by cervical dislocation in accordance
with the UK Animals (Scientific Procedures) Act 1986. The
abdominal cavity was opened up to expose the bile duct. The
common bile duct at the junction with the duodenum was
carefully clamped off with a hemostat to prevent flow into the
duodenum. Collagenase type XI (1000 U/ml; Sigma-Aldrich) was
prepared in modified Hank’s buffered salt solution (HBSS)
composed of (mM): 137 NaCl, 5.4 KCl, 4.3 NaH2PO4, 4.1
KH2PO4, 10 HEPES, 1 MgCl2 and 5 glucose. Collagenase
solution was injected into the bile duct away from the liver and
toward the pancreas until the entire pancreas was expanded
(approximately 1 ml). The pancreas was then dissected away from
the rest of the animal and placed into a 15 ml tube with 2 ml of
collagenase solution and kept in a water bath (37°C) for 14 min.

Immediately following digestion, 5 ml of HBSS containing
1 mM CaCl2 was added and the tube was kept on ice. The
contents were then poured onto a culture dish and islets were
picked out and placed in clean HBSS containing CaCl2. Islets in
groups of 15–20 were cultured in a 35 by 10 mm tissue culture
dish with a 22 by 22 mm glass cover slide and 2 ml of Roswell
Park Memorial Institute (RPMI) 1640 media supplemented with
10% fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml
streptomycin. The culture dishes were incubated at 37°C with 5%
CO2 overnight to allow attachment of islets to the cover slides.

Biosensors. The generation of the carbon fiber biosensors used
in this study is similar to the previously described procedures
for the generation of platinum biosensors.21 The standard

platinum-based biosensors have a diameter of 25 mm and
penetrating the isolated endocrine islets proved to be difficult
with these biosensors. Therefore, novel carbon fiber biosensors
with a 7 mm diameter were used. Adenosine biosensors were
obtained from Sarissa Biomedical Ltd. The biosensors consisted of
enzymes entrapped in the polymer at the tip of the carbon fiber
electrode. The enzymes on the biosensors could break down
adenosine around the electrode into H2O2, which was further
oxidized into a measurable current (Fig. 1C). Currents in the
electrodes were measured by a potentiostat (Dual Potentiostat
Duostat ME200+; Sarissa Biomedical Ltd.) and recorded on an
attached computer. The null sensor did not contain enzymes and
served as a negative control for the biosensors. Both current
recordings from the adenosine and the null biosensors were taken
and the difference between the two readings was used to generate
the standard curve (Fig. 1). The standard curve demonstrated
that the adenosine biosensors can most accurately determine
adenosine concentrations between 1–20 mM. None of the drugs
or nutrients used in this study interfered with the adenosine
measurements by the biosensors directly. ATP biosensors used
were also calibrated in a similar manner, which has been
previously described.34

Perifusion of islets. The islets were perifused with modified
Krebs solution composed of (mM): 117 NaCl, 3 KCl, 26
NaHCO3, 1.25 NaH2PO4, 1 MgSO4, 1 CaCl2, 3 glucose and
22 sucrose. For solutions containing 30 mM KCl, equimolar
amounts of NaCl were removed. For different glucose concentra-
tions and for 10 mM L-arginine solutions, equimolar amounts of
sucrose were removed. For Ca2+-free solutions, equal molar
amounts of MgCl2 replaced CaCl2 and 1 mM EGTA was added
to chelate residual Ca2+ or Ca2+ released from the tissue. For all
solutions used with the ATP biosensor, 2 mM glycerol was
included as a co-substrate for ATP detection. Steady infusion was
performed at a rate of 2 ml/min by a peristaltic pump with a
vacuum suction to maintain constant fluid level. All solutions were
heated to 37°C prior to entry into the perifusion chamber.
Adenosine and null sensors were gently lowered into the perifusion
chamber care was taken to ensure that the tips of the electrodes
remained in the bath at all times, thus allowing the signal to reach a
steady-state. A standard solution containing 10 mM adenosine was
used before the experiment to calibrate the standard curve and also
following the experiment to ensure biosensor health.

For experiments, glass cover slides with islets attached were
placed into a perifusion chamber. With the aid of a stereomicro-
scope adenosine biosensors were gently lowered to penetrate four
to five islets in a row to fully cover the enzyme portion of the
electrode. Null sensors were also lowered to penetrate another
subset of islets present on the coverslip. Following penetration
with the adenosine biosensor (but not the null sensor), a sharp
increase in the current recording was noted after which it declined
to a steady-state level. This acute rise in adenosine levels was likely
due to cellular damage during insertion of biosensor that caused
subsequent release of intracellular purines. To ensure a steady-
state was reached in all the islets following electrode penetration,
the islets were continuously perifused with the basal solution
containing 3 mM glucose for 20 min prior to experiments.
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Drugs. Drugs were made up as 10–100 mM stock solutions,
which were further diluted with Krebs solution. Adenosine,
sodium polyoxotungstate (POM-1), GMP, a-, β-methylene ADP,
forskolin, S-(4-nitrobenzyl)-6-thioinosine (NBTI) and dipyrida-
mole were purchased from Sigma-Aldrich. ATP was purchased
from Roche. All perifusion solutions containing drugs were
prepared fresh just prior to the experiments.

Statistical analyses. All results are presented as mean ± SEM.
Effects of different nutrients were compared by the Student’s
t-test using GraphPad Prism 5.0. A modified Hill equation was
fitted onto the glucose-adenosine relationship in Figure 2D.
Repeated measures ANOVA was also used to analyze the

glucose-adenosine relationship in Figure 2D followed by
Dunnett’s multiple comparison test comparing all glucose
treatments to the control at 3 mM glucose. Statistical significance
was considered when p # 0.05.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

This work was supported by the Natural Sciences and
Engineering Research Council of Canada via the Michael Smith
Foreign Study Supplements Program.

References
1. Unger RH. Role of glucagon in the pathogenesis of

diabetes: the status of the controversy. Metabolism
1978; 27:1691-709; PMID:360007; http://dx.doi.org/
10.1016/0026-0495(78)90291-3

2. Fredholm BB. AP IJ, Jacobson KA, Klotz KN, Linden
J. International Union of Pharmacology. XXV.
Nomenclature and classification of adenosine receptors.
Pharmacol Rev 2001; 53:527-52; PMID:11734617

3. Jacobson KA, Gao ZG. Adenosine receptors as
therapeutic targets. Nat Rev Drug Discov 2006;
5:247-64; PMID:16518376; http://dx.doi.org/10.
1038/nrd1983

4. Tudurí E, Filiputti E, Carneiro EM, Quesada I.
Inhibition of Ca2+ signaling and glucagon secretion
in mouse pancreatic alpha-cells by extracellular ATP
and purinergic receptors. Am J Physiol Endocrinol
Metab 2008; 294:E952-60; PMID:18349114; http://
dx.doi.org/10.1152/ajpendo.00641.2007

5. Hillaire-Buys D, Bertrand G, Gross R, Loubatieres-
Mariani MM. Evidence for an inhibitory A1 subtype
adenosine receptor on pancreatic insulin-secreting cells.
Eur J Pharmacol 1987; 136:109-12; PMID:3297737;
http://dx.doi.org/10.1016/0014-2999(87)90786-2

6. Verspohl EJ, Johannwille B, Waheed A, Neye H. Effect
of purinergic agonists and antagonists on insulin
secretion from INS-1 cells (insulinoma cell line) and
rat pancreatic islets. Can J Physiol Pharmacol 2002;
80:562-8; PMID:12117305; http://dx.doi.org/10.
1139/y02-079

7. Töpfer M, Burbiel CE, Muller CE, Knittel J, Verspohl
EJ. Modulation of insulin release by adenosine A1
receptor agonists and antagonists in INS-1 cells: the
possible contribution of 86Rb+ efflux and 45Ca2+
uptake. Cell Biochem Funct 2008; 26:833-43;
PMID:18979526; http://dx.doi.org/10.1002/cbf.1514

8. Chapal J, Loubatieres-Mariani MM, Petit P, Roye M.
Evidence for an A2-subtype adenosine receptor on
pancreatic glucagon secreting cells. Br J Pharmacol
1985; 86:565-9; PMID:2998522

9. Petrack B, Czernik AJ, Ansell J, Cassidy J. Potentiation
of arginine-induced glucagon secretion by adenosine.
Life Sci 1981; 28:2611-5; PMID:7022078; http://dx.
doi.org/10.1016/0024-3205(81)90718-9

10. Hazama A, Hayashi S, Okada Y. Cell surface measure-
ments of ATP release from single pancreatic beta cells
using a novel biosensor technique. Pflugers Arch 1998;
437:31-5; PMID:9817782; http://dx.doi.org/10.1007/
s004240050742

11. Leitner JW, Sussman KE, Vatter AE, Schneider FH.
Adenine nucleotides in the secretory granule fraction of
rat islets. Endocrinology 1975; 96:662-77; PMID:
163731; http://dx.doi.org/10.1210/endo-96-3-662

12. Detimary P, Jonas JC, Henquin JC. Stable and
diffusible pools of nucleotides in pancreatic islet cells.
Endocrinology 1996; 137:4671-6; PMID:8895332;
http://dx.doi.org/10.1210/en.137.11.4671

13. Detimary P, Jonas JC, Henquin JC. Possible links
between glucose-induced changes in the energy state of
pancreatic B cells and insulin release. Unmasking by
decreasing a stable pool of adenine nucleotides in
mouse islets. J Clin Invest 1995; 96:1738-45; PMID:
7560065; http://dx.doi.org/10.1172/JCI118219

14. Obermüller S, Lindqvist A, Karanauskaite J,
Galvanovskis J, Rorsman P, Barg S. Selective nucleo-
tide-release from dense-core granules in insulin-secreting
cells. J Cell Sci 2005; 118:4271-82; PMID:16141231;
http://dx.doi.org/10.1242/jcs.02549

15. Su C, Bevan JA, Burnstock G. [3H]adenosine tripho-
sphate: release during stimulation of enteric nerves.
Science 1971; 173:336-8; PMID:4327032; http://dx.
doi.org/10.1126/science.173.3994.336

16. McConalogue K, Furness JB. Gastrointestinal neuro-
transmitters. Baillieres Clin Endocrinol Metab 1994;
8:51-76; PMID:7907863; http://dx.doi.org/10.1016/
S0950-351X(05)80226-5

17. Burnstock G, Cocks T, Kasakov L, Wong HK. Direct
evidence for ATP release from non-adrenergic, non-
cholinergic (“purinergic”) nerves in the guinea-pig
taenia coli and bladder. Eur J Pharmacol 1978;
49:145-9; PMID:658131; http://dx.doi.org/10.1016/
0014-2999(78)90070-5

18. White TD, MacDonald WF. Neural release of ATP
and adenosine. Ann N Y Acad Sci 1990; 603:287-98,
discussion 98-9; PMID:2291528; http://dx.doi.org/10.
1111/j.1749-6632.1990.tb37680.x

19. Lavoie EG, Fausther M, Kauffenstein G, Kukulski F,
Kunzli BM, Friess H, et al. Identification of the
ectonucleotidases expressed in mouse, rat, and human
Langerhans islets: potential role of NTPDase3 in
insulin secretion. Am J Physiol Endocrinol Metab
2010; 299:E647-56; PMID:20682839; http://dx.doi.
org/10.1152/ajpendo.00126.2010

20. Möser GH, Schrader J, Deussen A. Turnover of
adenosine in plasma of human and dog blood. Am J
Physiol 1989; 256:C799-806; PMID:2539728

21. Llaudet E, Botting NP, Crayston JA, Dale N. A three-
enzyme microelectrode sensor for detecting purine
release from central nervous system. Biosens
Bioelectron 2003; 18:43-52; PMID:12445443; http://
dx.doi.org/10.1016/S0956-5663(02)00106-9

22. Dale N. Delayed production of adenosine underlies
temporal modulation of swimming in frog embryo. J
Physiol 1998; 511:265-72; PMID:9679180; http://dx.
doi.org/10.1111/j.1469-7793.1998.265bi.x

23. Wall MJ, Wigmore G, Lopatar J, Frenguelli BG, Dale
N. The novel NTPDase inhibitor sodium polyoxo-
tungstate (POM-1) inhibits ATP breakdown but also
blocks central synaptic transmission, an action inde-
pendent of NTPDase inhibition. Neuropharmacology
2008; 55:1251-8; PMID:18768144; http://dx.doi.org/
10.1016/j.neuropharm.2008.08.005

24. Madrid-Marina V, Fox IH. Human placental cytoplas-
mic 5'-nucleotidase. Kinetic properties and inhibition.
J Biol Chem 1986; 261:444-52; PMID:3001058

25. Németh ZH, Bleich D, Csoka B, Pacher P, Mabley JG,
Himer L, et al. Adenosine receptor activation amelio-
rates type 1 diabetes. FASEB J 2007; 21:2379-88; PMID:
17405852; http://dx.doi.org/10.1096/fj.07-8213com

26. Zimmermann H. Extracellular metabolism of ATP and
other nucleotides. Naunyn Schmiedebergs Arch
Pharmacol 2000; 362:299-309; PMID:11111825;
http://dx.doi.org/10.1007/s002100000309

27. Novak I. Purinergic receptors in the endocrine and
exocrine pancreas. Purinergic Signal 2008; 4:237-53;
PMID:18368520; http://dx.doi.org/10.1007/s11302-
007-9087-6

28. Song Z, Sladek CD. Does conversion of ATP to
adenosine terminate ATP-stimulated vasopressin release
from hypothalamo-neurohypophyseal explants? Brain
Res 2005; 1047:105-11; PMID:15893296; http://dx.
doi.org/10.1016/j.brainres.2005.04.025

29. Gerich JE, Charles MA, Grodsky GM. Characterization
of the effects of arginine and glucose on glucagon and
insulin release from the perfused rat pancreas. J Clin
Invest 1974; 54:833-41; PMID:4430717; http://dx.
doi.org/10.1172/JCI107823

30. Hermansen K. Forskolin, an activator of adenylate
cyclase, stimulates pancreatic insulin, glucagon, and
somatostatin release in the dog: Studies in vitro.
Endocrinology 1985; 116:2251-8; PMID:2581771;
http://dx.doi.org/10.1210/endo-116-6-2251

31. Braun M, Wendt A, Karanauskaite J, Galvanovskis J,
Clark A, MacDonald PE, et al. Corelease and
differential exit via the fusion pore of GABA, serotonin,
and ATP from LDCV in rat pancreatic beta cells. J Gen
Physiol 2007; 129:221-31; PMID:17296927; http://
dx.doi.org/10.1085/jgp.200609658

32. MacDonald PE, Rorsman P. The ins and outs of
secretion from pancreatic beta-cells: Control of single-
vesicle exo- and endocytosis. Physiology (Bethesda)
2007; 22:113-21; PMID:17420302; http://dx.doi.org/
10.1152/physiol.00047.2006

33. Lacy PE, Kostianovsky M. Method for the isolation of
intact islets of Langerhans from the rat pancreas.
Diabetes 1967; 16:35-9; PMID:5333500

34. Llaudet E, Hatz S, Droniou M, Dale N. Microelectrode
biosensor for real-time measurement of ATP in biological
tissue. Anal Chem 2005; 77:3267-73; PMID:15889918;
http://dx.doi.org/10.1021/ac048106q

70 Islets Volume 4 Issue 1

http://www.ncbi.nlm.nih.gov/pubmed/360007
http://dx.doi.org/10.1016/0026-0495(78)90291-3
http://dx.doi.org/10.1016/0026-0495(78)90291-3
http://www.ncbi.nlm.nih.gov/pubmed/11734617
http://www.ncbi.nlm.nih.gov/pubmed/16518376
http://dx.doi.org/10.1038/nrd1983
http://dx.doi.org/10.1038/nrd1983
http://www.ncbi.nlm.nih.gov/pubmed/18349114
http://dx.doi.org/10.1152/ajpendo.00641.2007
http://dx.doi.org/10.1152/ajpendo.00641.2007
http://www.ncbi.nlm.nih.gov/pubmed/3297737
http://dx.doi.org/10.1016/0014-2999(87)90786-2
http://www.ncbi.nlm.nih.gov/pubmed/12117305
http://dx.doi.org/10.1139/y02-079
http://dx.doi.org/10.1139/y02-079
http://www.ncbi.nlm.nih.gov/pubmed/18979526
http://dx.doi.org/10.1002/cbf.1514
http://www.ncbi.nlm.nih.gov/pubmed/2998522
http://www.ncbi.nlm.nih.gov/pubmed/7022078
http://dx.doi.org/10.1016/0024-3205(81)90718-9
http://dx.doi.org/10.1016/0024-3205(81)90718-9
http://www.ncbi.nlm.nih.gov/pubmed/9817782
http://dx.doi.org/10.1007/s004240050742
http://dx.doi.org/10.1007/s004240050742
http://www.ncbi.nlm.nih.gov/pubmed/163731
http://www.ncbi.nlm.nih.gov/pubmed/163731
http://dx.doi.org/10.1210/endo-96-3-662
http://www.ncbi.nlm.nih.gov/pubmed/8895332
http://dx.doi.org/10.1210/en.137.11.4671
http://www.ncbi.nlm.nih.gov/pubmed/7560065
http://www.ncbi.nlm.nih.gov/pubmed/7560065
http://dx.doi.org/10.1172/JCI118219
http://www.ncbi.nlm.nih.gov/pubmed/16141231
http://dx.doi.org/10.1242/jcs.02549
http://www.ncbi.nlm.nih.gov/pubmed/4327032
http://dx.doi.org/10.1126/science.173.3994.336
http://dx.doi.org/10.1126/science.173.3994.336
http://www.ncbi.nlm.nih.gov/pubmed/7907863
http://dx.doi.org/10.1016/S0950-351X(05)80226-5
http://dx.doi.org/10.1016/S0950-351X(05)80226-5
http://www.ncbi.nlm.nih.gov/pubmed/658131
http://dx.doi.org/10.1016/0014-2999(78)90070-5
http://dx.doi.org/10.1016/0014-2999(78)90070-5
http://www.ncbi.nlm.nih.gov/pubmed/2291528
http://dx.doi.org/10.1111/j.1749-6632.1990.tb37680.x
http://dx.doi.org/10.1111/j.1749-6632.1990.tb37680.x
http://www.ncbi.nlm.nih.gov/pubmed/20682839
http://dx.doi.org/10.1152/ajpendo.00126.2010
http://dx.doi.org/10.1152/ajpendo.00126.2010
http://www.ncbi.nlm.nih.gov/pubmed/2539728
http://www.ncbi.nlm.nih.gov/pubmed/12445443
http://dx.doi.org/10.1016/S0956-5663(02)00106-9
http://dx.doi.org/10.1016/S0956-5663(02)00106-9
http://www.ncbi.nlm.nih.gov/pubmed/9679180
http://dx.doi.org/10.1111/j.1469-7793.1998.265bi.x
http://dx.doi.org/10.1111/j.1469-7793.1998.265bi.x
http://www.ncbi.nlm.nih.gov/pubmed/18768144
http://dx.doi.org/10.1016/j.neuropharm.2008.08.005
http://dx.doi.org/10.1016/j.neuropharm.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/3001058
http://www.ncbi.nlm.nih.gov/pubmed/17405852
http://www.ncbi.nlm.nih.gov/pubmed/17405852
http://dx.doi.org/10.1096/fj.07-8213com
http://www.ncbi.nlm.nih.gov/pubmed/11111825
http://dx.doi.org/10.1007/s002100000309
http://www.ncbi.nlm.nih.gov/pubmed/18368520
http://dx.doi.org/10.1007/s11302-007-9087-6
http://dx.doi.org/10.1007/s11302-007-9087-6
http://www.ncbi.nlm.nih.gov/pubmed/15893296
http://dx.doi.org/10.1016/j.brainres.2005.04.025
http://dx.doi.org/10.1016/j.brainres.2005.04.025
http://www.ncbi.nlm.nih.gov/pubmed/4430717
http://dx.doi.org/10.1172/JCI107823
http://dx.doi.org/10.1172/JCI107823
http://www.ncbi.nlm.nih.gov/pubmed/2581771
http://dx.doi.org/10.1210/endo-116-6-2251
http://www.ncbi.nlm.nih.gov/pubmed/17296927
http://dx.doi.org/10.1085/jgp.200609658
http://dx.doi.org/10.1085/jgp.200609658
http://www.ncbi.nlm.nih.gov/pubmed/17420302
http://dx.doi.org/10.1152/physiol.00047.2006
http://dx.doi.org/10.1152/physiol.00047.2006
http://www.ncbi.nlm.nih.gov/pubmed/5333500
http://www.ncbi.nlm.nih.gov/pubmed/15889918
http://dx.doi.org/10.1021/ac048106q

	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34

