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Extracellular ATP has been proposed as a paracrine signal in rodent
islets, but it is unclear what role ATP plays in human islets. We
now show the presence of an ATP signaling pathway that
enhances the human β cell’s sensitivity and responsiveness to glu-
cose fluctuations. By using in situ hybridization, RT-PCR, immuno-
histochemistry, and Western blotting as well as recordings of
cytoplasmic-free Ca2+ concentration, [Ca2+]i, and hormone release
in vitro, we show that human β cells express ionotropic ATP recep-
tors of the P2X3 type and that activation of these receptors by ATP
coreleased with insulin amplifies glucose-induced insulin secre-
tion. Released ATP activates P2X3 receptors in the β-cell plasma
membrane, resulting in increased [Ca2+]i and enhanced insulin
secretion. Therefore, in human islets, released ATP forms a positive
autocrine feedback loop that sensitizes the β cell’s secretory
machinery. This may explain how the human pancreatic β cell
can respond so effectively to relatively modest changes in glucose
concentration under physiological conditions in vivo.

extracellular ATP | human pancreatic β cell | insulin secretion | P2X
receptor | positive autocrine feedback

Glucose homeostasis is tightly controlled by hormone secre-
tion from the endocrine pancreas, the islets of Langerhans.

Even small physiological deviations (e.g., 10%) in plasma glucose
are effectively counteracted by sharp (e.g., 3-fold) increases in the
secretion of the islet hormones insulin and glucagon (1). Intraislet
autocrine and paracrine signaling are pivotal mechanisms for
proper function of the islet, making islet cells extremely sensitive
and responsive to plasma glucose fluctuations. The roles of dif-
ferent compounds such as GABA, glutamate, Zn2+, insulin, and
ATP as autocrine and paracrine regulators of islet hormone
release have been examined extensively (2–8). Extracellular ATP
seems important because it is present in insulin-containing
secretory granules and is released during glucose stimulation in
sufficient amounts to stimulate ATP receptors (9–12).
Extracellular ATP is an important neurotransmitter signal in

the brain as well as in vascular, immune, and endocrine cells (13–
15). The purinergic system comprises receptors for extracellular
ATP and adenosine, the P2 and P1 receptors, respectively. P2
purinergic receptors can be divided into metabotropic P2Y
receptors (G protein coupled) and ionotropic P2X receptors
(ligand-gated ion channels) (16). The ionotropic P2X family
comprises seven subtypes named P2X1–P2X7 that regulate cell
function by opening cation channels permeable to Na+, K+, and
Ca2+ (15, 17). Activation of these channels regulates the release
of neurotransmitters and hormones, either through direct Ca2+

influx or by promoting membrane depolarization and thereby
inducing action potentials (18–21).
The role of ATP signaling in the physiology of pancreatic islets

has been studied in rodent models, but the results in the literature
are conflicting (22–28). In rat islets, purinergic agonists have been

reported to increase insulin secretion (22, 28). This contrasts with
a report on rat islets showing that extracellular ATP provides
excitatory as well as inhibitory feedback loops for insulin secretion
(23). In mouse islets, extracellular ATP has been consistently
reported to decrease glucose-induced insulin secretion (24–26).
In the two reports on human islets, purinergic agonists were
shown to evoke inward currents in β cells and to stimulate insulin
release (29, 30), but the receptors involved were not identified.
More importantly, the physiological contexts under which these
receptors are activated have not been investigated. Because islets
from different species are strikingly different in terms of structure
and function (31, 32), we decided to study, in detail, the role of
purinergic signaling in human β cells. We were interested in
defining the role of endogenously released ATP during stim-
ulation of β cells with increases in glucose concentration. We
examined the effects of ATP signaling by performing dynamic
hormone-release assays, RT-PCR, immunohistochemistry, and in
situ hybridization as well as imaging [Ca2+]i. We now show that
human β cells express P2X receptors of the P2X3 type. Our results
show that, on activation, P2X receptors promote Ca2+ influx and
insulin secretion in human β cells, establishing an autocrine pos-
itive feedback loop during glucose-induced insulin release. This is
important because it enables effective activation of the insulin
secretory machinery despite relatively modest changes in blood
glucose concentration.

Results
In rodent islets, insulin granules contain ATP, and ATP is cor-
eleased with insulin during high glucose stimulation, reaching
extracellular concentrations >25 μM (9–12, 33). Recent papers
have provided evidence that smaller molecules such as ATP can
be released by a kiss-and-run exocytotic mechanism, whereas
insulin is retained in the granule (12, 34). Furthermore, insulin
secretion shows a lower activation threshold in human islets than
in mouse islets, and slight increases in insulin secretion already
occur at 3 mM glucose (Fig. S1; see also ref. 35). Thus, ATP is
likely to be coreleased with insulin at relatively low glucose
concentrations. ATP is therefore an excellent signaling candidate
for modulating the β-cell responsiveness to increases in glucose
around the threshold.
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To infer the role of ATP as an autocrine/paracrine signal, we
manipulated ATP degradation and thus the concentration of
endogenously released ATP in isolated human islets. We
recorded changes in hormone secretion by using a perifusion
assay of dynamic secretory responses (36). Released ATP is
rapidly cleared by membrane ecto-ATPases, such as apyrase,
that convert ATP into adenosine (37, 38). Ecto-ATPases are
crucial in the duration and magnitude of purinergic signaling
(39). A functional apyrase (CD39) has been shown to be
expressed in human β cells (40). Application of the apyrase
inhibitor ARL67156 (50 μM) (41, 42) increased basal insulin
secretion from islets incubated at low glucose concentration (3
mM; Fig. 1 A and B), revealing that human islet cells released
ATP. Under these conditions, the endogenous ecto-ATPases are
fully effective, explaining why exogenously added apyrase (5 U/
mL) did not reduce basal insulin secretion (Fig. 1 A and B).
Because ATP is already released at low glucose concentrations

and has the potential to evoke insulin secretion, we hypothesized
that ATP potentiates glucose-induced insulin secretion at early
stages of the response. Accordingly, adding apyrase (5 U/mL) dur-
ing a step increase in glucose concentration from 3 mM to 11 mM
reduced insulin release by ∼15% (Fig. 1 C and D), indicating that
endogenously released ATP contributed to the β-cell response.
Adding the competitive apyrase inhibitor ARL67156 during glu-
cose stimulation, however, did not amplify the β-cell response (Fig.

1D), suggesting that the concentration of endogenously released
ATP was high enough to saturate its potentiating effect. Hence,
stimulating with exogenous ATP while the glucose concentration
was increased did not add to the insulin response.
Apyrase may decrease glucose-induced insulin release either

by reducing extracellular ATP or by increasing adenosine, which
may act on P1 receptors to inhibit insulin release (43). Degrading
adenosine with adenosine deaminase did not change the effect of
apyrase on glucose-stimulated insulin secretion (Fig. 1D), indi-
cating that the presence of adenosine did not contribute to the
inhibition of the insulin response. Accordingly, neither the P1
receptor antagonist CGS15943 (10 μM) nor adenosine (100 μM)
altered glucose-induced insulin secretion (Discussion). Because
nerves are severed and neuronal remnants that could be addi-
tional sources or targets for ATP do not survive under our
experimental conditions (32, 44), the most likely interpretation is
that ATP secreted by β cells provides a positive autocrine feed-
back loop to amplify insulin secretion.
To examine the receptors involved in this autocrine feedback

loop, we blocked purinergic receptors with specific receptor
antagonists during stimulation with an increase in glucose con-
centration from 3 mM to 11 mM (Fig. 2A). Insulin secretory
responses to glucose stimulation were reduced in the presence
of suramin (50 μM; a broad antagonist of P2 receptors), iso-
pyridoxal-phosphate-6-azophenyl-2′, 4′-disulfonate (PPADS) (50
μM; an antagonist for P2X1, P2X2, P2X3, and P2X5 receptors),
and oxidized ATP (oATP; 500 μM; an antagonist for P2X2,
P2X3, and P2X7 receptors) by 40%, 30%, and 65%, respectively
(Fig. 2B). Insulin secretory responses to glucose stimulation in
the presence of the specific P2X1 antagonist MRS2159 (10 μM)
and the two P2X7 receptor antagonists brilliant Blue G (1 μM)
and KN-62 (1 μM) were not significantly reduced (Fig. 2B).
Antagonists for P2Y receptors [reactive blue 2 (50 μM) and
MRS2179 (10 μM); specific for the P2Y1 receptor; Fig. 2B)] or
the P1 receptor [CGS15943 (10 μM)] did not inhibit glucose-
induced insulin release.
Todetermine thedirect effects of purinergic receptor activationon

insulin secretion, we applied exogenous ATP and other agonists. In
human islets, application of ATP, the universal agonist of P2 puri-
nergic receptors, stimulated increases in insulin release concentration
dependently with similar thresholds at low (3 mM) and high glucose
concentrations (11 mM) (Fig. 2C). The concentration–response
relationship showed a high affinity component (∼0.5 μM) that com-
pared well with the reported EC50 for the human P2X3 receptor
(∼0.39 μM) and a second increase between 100 and 1000 μM that
might correspond to activation of P2X7 receptors (EC50 ∼ 100 μM)
(45). Increasing extracellular ATP > 1 mM did not further raise
insulin release (Fig. 2C).The insulin responses toATPwere similar to
responses stimulated by glucose. Compared with the increase in
insulin secretionelicitedbyATP(1mM), the response tohighglucose
(11 mM) was 101% ± 30% or almost identical. Similar results were
obtainedusingmonkey islets. By contrast, neitherATPnor any of the
other tested purinergic agonists stimulated insulin release in pig,
mouse, or rat islets (Fig. 2C and Fig. S2). In rat islets, only high
concentrationsofATP(1mMand10mM) induced small increases in
insulin release (Fig. 2C).
ATPγS (50 μM; a nonhydrolysable ATP analog), the specific

P2X receptor agonist BzATP (50 μM), and the P2X1 and P2X3
agonist α,β-methylene ATP (50 μM) elicited strong insulin
responses (Fig. 2D). P2Y receptors were not involved in the
response to endogenously released ATP during glucose stim-
ulation (Results) but could be directly activated by the selective
agonists UTP (100 μM; an agonist of P2Y2, P2Y4, and P2Y6) and
ADP (100 μM; an agonist of P2Y1, P2Y12, and P2Y13) to increase
insulin release (Fig. 2D), suggesting the presence of multiple ATP
receptor subtypes in the human β cell. Adenosine had a minor
effect on insulin release, indicating that P1 receptors were only
modestly involved (Fig. 2D). The magnitudes of the insulin

Fig. 1. ATP is secreted by human islets at low glucose concentrations, and it
amplifies insulin secretion during glucose stimulation. (A) The ectonucleo-
tidase inhibitor ARL67156 (50 μM) increased insulin secretion at a low glu-
cose concentration (3 mM; green symbols). Apyrase (5 U/mL) did not change
basal insulin secretion (red symbols). Average traces of insulin secretion are
shown (n = 4 perifusions). Control, black symbols. Bar indicates drug appli-
cation. Data in all figures are presented as average ± SEM. (B) Quantification
of the results shown in A. Δ[Insulin] (μU/μg DNA), change in insulin secretion
from prestimulus levels. (C) Insulin secretion induced by raising glucose from
3 mM to 11 mM (black symbols) was reduced in the presence of apyrase (5 U/
mL; red symbols). Average traces of insulin secretion are shown (n = 4 per-
ifusions). 11G indicates 10 min of elevated glucose (11 mM). (D) Quantifi-
cation of the results shown in C. Reducing extracellular ATP levels with
apyrase (5 U/mL) decreased glucose-induced insulin release by ∼15%. Adding
adenosine deaminase (ADA; 1 U/mL) to degrade adenosine did not change
the effect of apyrase on glucose-stimulated insulin secretion. Control is
insulin secretion induced by elevating glucose from 3 mM to 11 mM.
Asterisks denote statistical significance (ANOVA followed by multiple com-
parisons versus control group in Bonferroni t test; P < 0.05).
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responses to ATP (100 μM), ATPγS (50 μM), BzATP (50 μM),
UTP (100 μM), and ADP (100 μM) in islets kept at high glucose
(11 mM) were similar to the magnitudes of insulin responses to
these agonists that were recorded in islets kept at low glucose
concentrations, indicating that the effects of purinergic receptor
activation are not altered at higher glucose levels.
Our results suggest that human islets express P2X receptors

whose activation strongly stimulates insulin secretion. By using RT-
PCR, we found that all P2X receptor genes were expressed in
human islets, confirming results from the Beta Cell Biology Con-
sortiumdatabase (http://www.betacell.org/resources/data/epcondb/).
To localize P2X receptor expression in the islet, we performed in
situ hybridization on human pancreatic sections. Strong hybrid-
ization signals in human islets were detected for P2X3, P2X5, and
P2X7 (Fig. 3A). By combining in situ hybridization with immuno-
fluorescence for islet hormones, we found that these receptors
were expressed in β cells (Fig. 3A). No signals could be detected
with P2X1, P2X2, P2X4, P2X6, or control sense riboprobes.
Immunofluorescence and Western blots further showed that the
P2X3proteinwas present in β cells (Fig. 3B andC).AlthoughP2X5
and P2X7 immunoreactivities were seen in islets, they could not be
blocked by control peptide preadsorption. Therefore, it was not
possible to determine if the staining could be considered a reliable
indication of P2X5 and P2X7 receptor protein expression.

Isolated human islet cells were examined for the presence of
functional P2X receptors using measurements of [Ca2+]i. Beta cells,
identified by their response to high glucose (11 or 16 mM) (8),
responded toATPγS(50μM)andBzATP(50μM)with rapid [Ca2+]i
increases (Fig. 3D). A fraction of the cells (30%) that responded to
the alpha cell-specific stimulus kainate (100 μM) (8) responded to
ATPγS (50μM)orBzATP (50μM)with rapid [Ca2+]i increases (Fig.
3D). In line with these results, ATP stimulated small increases in
glucagon secretion inhuman,monkey, andmouse islets, and a subset
of human alpha cells expressed P2X4 receptors (Fig. S3).

Fig. 3. P2X expression profiles in human islets. (A) In situ hybridization on
human pancreatic sections with riboprobes for all P2X receptors showed
expression of P2X3, P2X5, and P2X7 mRNA in islets (Upper). No hybridization
signal could be detected for P2X1, P2X2, P2X4, or P2X6. The hybridization
signal for P2X3 colocalized with insulin immunoreactivity (Lower). (Scale bar,
50 μm.) Images are representative of three human pancreata. (B) Confocal
images of human pancreatic sections showing immunoreactivity for P2X3 in
islets. P2X3 immunoreactivity (green) localized to insulin-expressing β cells
[red; Right, higher magnification image of region indicated by Left) is
shown. Cell nuclei are shown in gray. Images are representative of five
human pancreata. (Scale bar, 20 μm.) (C) Western blotting analysis of lysates
from human (HI) and monkey islets (MI) with human (HB) and monkey brain
(MB) used as positive controls. A band for P2X3 receptors is visible at ∼65 kDa
(Upper). Specific bands disappeared when primary antibodies were pre-
adsorbed with their cognate protein (Lower). Arrows indicate 50 kDa
molecular weight (n = 3 islet preparations). A molecular marker was run in
parallel. (D) ATPγS (50 μM) induced [Ca2+]i responses in individual human
islet cells loaded with Fura-2. These cells responded to stimulation with high
glucose (11 mM; black traces, representative of 8 cells). Most of the alpha
cells, identified by their response to kainate (100 μM), did not respond to
ATPγS (gray traces; representative of 25 cells). Bars indicate the duration of
the stimulus. The graph (Right) shows the percentages of cells that respon-
ded to ATPγS in the glucose-responsive (11G; n = 8) and kainate-responsive
cell populations (Kai; n = 25). Recorded at low glucose concentration (3 mM).

Fig. 2. Endogenously released ATP amplifies glucose-induced insulin secre-
tion in human islets through P2X receptors. (A) Insulin secretion induced by
raising glucose from 3 mM to 11 mM was reduced in the presence of the P2X
receptor antagonists iso-PPADS (50 μM; red symbols) and oATP (500 μM; green
symbols; representative traces of at least three perifusions). Bar denotes
antagonist application. 11G indicates 10 min of elevated glucose (11 mM). (B)
Quantification of the results shows the effects of suramin (100 μM), iso-PPADS
(50 μM), oATP (500 μM), MRS2159 (10 μM), Brilliant Blue G (BBG; 1 μM), KN-62
(1 μM), reactiveblue 2 (RB2; 50 μM), andMRS2179 (10 μM)on themagnitudeof
glucose-induced insulin response (peak amplitudes; n ≥ 3). Suramin, iso-
PPADS, and oATP reduced insulin release by 40%, 30%, and 65%, respectively.
The specificity of the antagonists is indicated at the top of the panel. Asterisks
denote statistical significance (ANOVA followed by multiple comparisons
versus control group in Bonferroni t test; P < 0.05). (C) ATP concentration–
response relationships for insulin secretion in human (n = 3 islet preparations;
black and blue symbols are 3 mM and 11 mM glucose, respectively) and rat
islets (n = 3; red symbols) are shown. Control is nonstimulated basal insulin
secretion. (D) The purinergic agonists ATP (100 μM), ATPγS (50 μM), BzATP
(50 μM), and ADP (100 μM) elicited insulin secretory responses in human islets
at low glucose concentrations (3 mM). The P2Y agonist UTP (100 μM) and the
P1 receptor agonist adenosine (Ado; 100 μM) did not evoke strong insulin
responses (n ≥ 3 islet preparations).
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What are the mechanisms by which ATP induces insulin
secretion in human β cells? Insulin responses to ATP (10 μM)
were inhibited by the general P2 receptor antagonist suramin
(100 μM) and the specific P2X antagonist iso-PPADS (50 μM;
∼95% inhibition; Fig. 4A). In the nominal absence of extrac-
ellular Ca2+, insulin responses to ATP (Fig. 4B) and α, β meATP
(100 μM) were strongly diminished. By contrast, blocking the
contribution of Ca2+ release from intracellular stores with
thapsigargin (1 μM) had no effect on insulin responses to ATP
(Fig. 4B). The Ca2+ needed for ATP-induced insulin secretion
could enter through the P2X receptor pore or voltage-dependent
Ca2+ channels, which are activated as a consequence of P2X
receptor-mediated membrane depolarization. The broad-spec-
trum voltage-gated Ca2+ channel blocker Cd2+ (100 μM; a
concentration not affecting Ca2+ influx through P2X receptors)
(46, 47) and the L-type Ca2+ channel blocker nifedipine (10 μM)
abolished insulin responses to ATP (Fig. 4B) or α, β meATP.
That ATP failed to increase insulin secretion in the presence of
Cd2+ or nifedipine indicates that P2X receptor activation caused
sufficient depolarization to activate voltage-dependent Ca2+

channels (15, 17, 47), particularly L-type Ca2+ channels critical
to action potential firing in human β cells (48).
ATP and the P2X receptor agonists BzATP and α, β meATP

elicited repeatable [Ca2+]i responses in β cells that were com-
parable with responses to glucose or KCl stimulation (Fig. 4C).
[Ca2+]i responses to ATP were blocked by isoPPADS by ∼80%
in human β cells (Fig. 4C). Thapsigargin (1 μM) did not affect
[Ca2+]i responses to ATP, indicating little contribution of Ca2+

released from intracellular stores (Fig. 4D). The nominal
absence of extracellular Ca2+ or the addition of nifedipine (10

μM) reduced [Ca2+]i responses to ATP (Fig. 4D), indicating a
major Ca2+ influx through the β-cell plasma membrane.

Discussion
Our results show that human β cells express receptors for
extracellular ATP that mediate an essential positive autocrine
feedback loop for insulin secretion. We have presented evidence
that this autocrine feedback loop is present in human and non-
human primate islets but not in the other species that we
examined. Although we cannot completely rule out the role of
P2Y receptors, our results suggest that, in primates, P2X
receptors predominate in the ATP (purinergic) signaling path-
way that amplifies the secretion of insulin in response to rapid
increases in glucose concentration (Fig. 5).
The role of purinergic signaling in the regulation of insulin

secretion has been investigated in rodent models, but only two
reports have been published on human islets. Our findings have
revealed a signaling pathway for ATP in human β cells. We have
found that ATP is already released at low glucose concen-
trations, which is in agreement with recent studies in rodents
showing that ATP can be released from secretory granules while
insulin is retained (12, 34). Therefore, ATP signaling may pre-
cede secretion of insulin, sensitizing the β cell to respond
appropriately to glucose stimulation. This notion is in line with
studies showing that ATP facilitates neurotransmitter release in
presynaptic nerve terminals (49, 50). Our results further suggest
that ATP release seems to be strongest during sharp increases in
glucose concentration. Although exogenous ATP promoted
strong responses in islets kept at constant glucose concentrations
(3 mM or 11 mM), it was not effective during abrupt increases in
glucose concentration, indicating that the receptors were fully

Fig. 4. ATP-induced insulin release by human β cells requires P2X receptor activation and Ca2+ influx through voltage-gated Ca2+ channels. (A) Insulin
secretion induced by ATP (10 μM) was inhibited in the presence of iso-PPADS (50 μM). Average traces from three islet preparations ± SEM with (red symbols)
and without (black symbols) incubation in iso-PPADS. Bars indicate drug or antagonist application. (B) Insulin secretion induced by ATP (10 μM) was reduced in
nominal 0 Ca2+ (+1 mM EGTA; red symbols) or in the presence of the Ca2+ channel blockers Cd2+ (100 μM; blue symbols) or nifedipine (Nife; 10 μM; gray
symbols). Thapsigargin treatment (Thapsi; 1μM; green symbols) did not affect insulin responses. Average insulin response of three islet preparations (± SEM)
before (Left) and during treatment (Right). Con, control insulin response to ATP (black symbols). (C) Iso-PPADS reduced [Ca2+]i responses induced by ATPγS
(50 μM) in human β cells. Only islet cells that responded to high glucose (16 mM) were examined. Bars indicate the duration of the stimulus or antagonist
application. Average trace is shown (7 cells ± SEM). (D) [Ca2+]i responses induced by ATPγS (50 μM) were reduced in nominal 0 Ca2+ (+1 mM EGTA) or in the
presence of nifedipine (10 μM). [Ca2+]i responses to ATPγS were not decreased in the presence of thapsigargin (1 μM). Shown is the average peak response
amplitude ± SEM of ≥3 cells from three human islet preparations. Asterisks denote statistical significance (Student t test; P < 0.05). Con, control [Ca2+]i
response to ATPγS before treatment; AUC, area under the curve.
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activated by endogenously released ATP under these conditions.
Thus, we showed that ATP is a signal serving in an autocrine
positive feedback loop for insulin release subsequent to
glucose stimulation.
Our results showing substantial differences between human β

cells and rodent β cells in terms of ATP signaling reiterate that
the structure and function of the human islets are distinctive (31,
32). Our studies revealed that ATP is a potent stimulator of
insulin release in islets of primate species but not in those of the
other examined species. Because we used the same technical
approach for all species tested, the most likely explanation is that
ATP signaling differs between species.
The differences in purinergic signaling suggest that β cells of

various species express different subsets of purinergic receptors.
Our results show that both P2X and P2Y receptors can be
activated in human β cells, but the responses mediated by P2X
receptors predominate. In mice, ATP elicits [Ca2+]i responses in
β cells predominantly through P2Y receptors, not P2X receptors
(26, 51). There are only a few studies examining the expression
of P2X receptors in the endocrine pancreas of any species.
Recently, P2X1 and P2X3 receptors were identified in isolated
single mouse β cells (30), and P2X1, P2X2, P2X3, P2X4, and P2X6
have been detected in the mouse and rat pancreas (28, 52, 53).
The expression of these receptors in rodent β cells needs to be
confirmed with in situ hybridization or single-cell RT-PCR
studies. It is important to stress, however, that ATP did not
evoke insulin responses at low glucose concentrations in mouse
islets (Fig. S1), suggesting that, even if expressed, P2X receptors
in mouse β cells may not be activated to amplify the early insulin
response to glucose stimulation. This is consistent with reports
showing that extracellular ATP does not increase insulin secre-
tion in mouse islets (24–26).
P2X receptors most likely contribute to shape the electric

activity of human β cells. Direct application of ATP at 3 mM
glucose elicited large insulin and [Ca2+]i responses that were
comparable with those elicited by high glucose or KCl depolari-
zation. Blocking ATP receptors with P2X receptor antagonists
reduced the insulin response to high glucose by up to 65% (Fig. 2),
revealing a strong contribution of ATP receptor activation to the
response. Our results further indicated that most of the human
β-cell response to ATP was mediated by ionotropic P2X receptors
(Fig. 4). This activation promotes considerably large inward cur-
rents in the nA range and thereby depolarizes the β-cell mem-
brane, which results in increased electric activity (30). However,
the exact magnitude of the currents will depend on the amount of
ATP released, the receptor density, and/or their localization.

By using a combination of technical approaches, we have con-
sistently identified P2X3 receptors in human β cells. P2X1, P2X2,
P2X4, and P2X6 receptors, reported to be expressed in rodent
β cells (28, 30, 52, 53), could not be detected in human β cells. In
contrast, our studies revealed the presence of P2X5 and P2X7.
Therefore, P2X receptors in human β cells may exist as monomers
or heteromers of combinations of P2X3, P2X5, and P2X7. The
presence of a polymorphism at a critical position in the human
P2X5 gene indicates that only a small subset of humans (∼14%)
will process and translate a functional protein (54, 55), ruling out a
contribution of P2X5 to ATP signaling in β cells in most human
beings. P2X7 receptors are unlikely to form heteromeric receptors
withP2X3 (17) butmaywork as homomeric receptors.Homomeric
P2X7 receptors, however, likely do not participate in normal β-cell
physiology, because their activation requires ATP concentrations
>100 μM (17). This is in agreement with our results showing that
P2X7 receptor antagonists did not affect the positive autocrine
feedback loopmediated byATP. If P2X7 receptors are activated to
promote human β-cell death during pathophysiological processes,
as described in other systems (13), remains to be determined.
Under physiological conditions, the most likely scenario is that
P2X3 homomeric receptors are mediating the positive autocrine
feedback loop for insulin release that we are describing.
Autocrine loops with positive feedback allow cells to modulate

the amplitude and the duration of the signaling response to
external stimuli (56). We propose that ATP functions in an auto-
modulatory system that, when activated by an increase in blood
glucose, adds speed and sensitivity to the β-cell secretory response.
The β cell secretes ATP along with insulin when the glucose con-
centration increases. ReleasedATP then activates P2X3 receptors
in the β-cell plasmamembrane.Activation of P2X3 receptors leads
to membrane depolarization mediated by Ca2+ and Na+ influx
(17) and subsequent opening of voltage-gated Ca2+ channels. This
results in increased [Ca2+]i and enhanced insulin secretion. This
positive feedback allows the β cell to translate small changes in
plasma glucose into large alterations in insulin release. Thus,
positive ATP autocrine signaling may explain how adequate and
fast insulin release can be achieved in response to modest phys-
iological changes in blood glucose concentration.

Experimental Procedures
A detailed discussion can be found at SI Experimental Procedures.

Pancreatic Islets.Human pancreatic islets were obtained from the Human Islet
Cell Processing Facility at the Diabetes Research Institute, University of Miami
Miller School of Medicine or from the Islet Cell Resource basic science islet
distribution program, Islet Cell Resource Centers (ICRs) Consortium, Division
of Clinical Research, National Center for Research Resources, National Insti-
tutes of Health.

[Ca2+]i Imaging. [Ca2+]i imaging was performed as previously described (8, 36).

Insulin and Glucagon Secretion. Insulin and glucagon secretion were measured
as previously described (8, 36).

Immunohistochemistry. Immunostaining was performed as described (8, 32).

In Situ Hybridization. In situ hybridization using digoxigenin (DIG)-labeled
RNA probes for mRNA detection of human P2XRs (1–7) was performed as
described (60).

Western Blotting. Immunoblot analysis was carried out by standard methods
with the antibodies used for P2X immunohistochemistry (1:1,000). In control
experiments, primary antibodies were incubated with corresponding control
peptide (Alomone Labs) at a ratio of 50 μg antigenic peptide to 1 μg antibody
at room temperature for 5 h.

Statistical Analyses. For statistical comparisons,weusedaStudent t testoraone-
wayANOVA followedbymultiple comparison procedures with the Bonferroni t
test. Throughout the manuscript, data are presented as average ± SEM.

Fig. 5. Proposedmodel for the positive autocrine feedback loopmediated by
ATP in human β cells. ATP, coreleased with insulin, activates ionotropic P2X3

receptors in the β-cell plasma membrane. This opens the cation selective P2X3

channel pore to let Na+ andCa2+flow into the cell (1). The resultantmembrane
depolarization and increase in action potential frequency increases Ca2+ flux
through high voltage-gated Ca2+ channels. Increased [Ca2+]i (2) stimulates
insulin secretion. In the absence of P2X3 activation, insulin secretion is dimin-
ished (Right).
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