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Neuroendocrine cells store ATP in secretory granules and release it along with hormones that may trigger a
variety of cellular responses in a process called purinergic chemical transmission. Although the vesicular
nucleotide transporter (VNUT) has been shown to be involved in vesicular storage and release of ATP, its
physiological relevance in vivo is far less well understood. In Vnut knockout (Vnut2/2) mice, we found that
the loss of functional VNUT in adrenal chromaffin granules and insulin granules in the islets of Langerhans
led to several significant effects. Vesicular ATP accumulation and depolarization-dependent ATP release
were absent in the chromaffin granules of Vnut2/2 mice. Glucose-responsive ATP release was also absent in
pancreatic b-cells in Vnut2/2 mice, while glucose-responsive insulin secretion was enhanced to a greater
extent than that in wild-type tissue. Vnut2/2 mice exhibited improved glucose tolerance and low blood
glucose upon fasting due to increased insulin sensitivity. These results demonstrated an essential role of
VNUT in vesicular storage and release of ATP in neuroendocrine cells in vivo and suggest that vesicular ATP
and/or its degradation products act as feedback regulators in catecholamine and insulin secretion, thereby
regulating blood glucose homeostasis.

S
ecretory granules are key cellular organelles in the secretory processes. They contain various neurotrans-
mitters, hormones, enzymes and other products that are actively discharged from the cells through exo-
cytosis1–5. Secretory granules contain the molecular machinery for the vesicular storage of neuro-

transmitters, which are similar to those found in synaptic vesicles, such as a vacuolar proton pump as the primary
pump and secondary active transporters for the various neurotransmitters1–5. One of the particular and common
properties is the relatively high concentration of nucleotides in secretory granules1–4. For example, bovine adrenal
chromaffin granules, rat b-cell insulin granules and pig platelet dense granules contain ,120, ,12 and
,740 mM nucleotides, respectively1–3. When vesicular ATP is co-released with the internal vesicular constitu-
ents, extracellular ATP and its degradation products may act as intercellular signaling molecules in a paracrine or
autocrine-mediated manner by binding various purinoceptors on the target cells6.

There are two types of purinoceptors: ligand-gated ion channel type P2X and G protein-coupled P2Y recep-
tors6. In adrenal chromaffin cells, the P2Y12 receptor mediates inhibition of the exocytotic release of catechola-
mine by modulation of voltage-operated Ca21 channels7–9. In contrast, several studies have shown that
stimulation of P2Y2 receptor enhances inositol phosphate formation and increases exocytotic release of catecho-
lamine in adrenal chromaffin granules10–12. P2X4-7 receptors are also known to function in chromaffin cells and
their stimulation by specific agonists may stimulate catecholamine secretion by causing the opening of a non-
selective cation channel10,11,13. In pancreatic b-cells, P2X1, P2X3 and P2Y1 receptors have been identified whose
stimulation by agonists causes increased insulin secretion in humans14–17. In contrast, P2Y1 knockout (2/2) mice
exhibit enhanced glucose-dependent insulin secretion from pancreatic b-cells, suggesting an inhibitory role of
this protein for insulin secretion in mouse18. In platelets, the P2X1 receptor is responsible for rapid Ca21 influx and
platelet shape change in response to ATP release, leading to platelet activation induced by low concentrations of
collagen19. The P2Y1 and P2Y12 receptors are essential for normal aggregation in response to ADP19–21. Overall,
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the physiological output of secretory granule-mediated purinergic
chemical transmission is rather complex and sometimes produces
contradictory secondary responses related to time-dependent, loca-
tion-dependent, and species-dependent changes in the expression of
purinoceptors. Therefore, to evaluate the physiological relevance of
the purinergic chemical transmission in vivo, it is important to exam-
ine the release of ATP under controlled conditions.

The vesicular nucleotide transporter (VNUT) is an SLC17A9-
encoded membrane protein that actively transports various nucleo-
tides across the membrane using an electrochemical gradient of
protons established by vacuolar proton ATPases22. VNUT localizes
to adrenal chromaffin granules and synaptic vesicles22,23. The sup-
pression of gene expression by RNA interference leads to a signifi-
cantly decreased release of ATP22,23. Thus, it is believed that VNUT is
involved in vesicular storage and subsequent secretion of ATP,
although the impact of VNUT in these processes in vivo is not
defined. In the present study, we therefore generated knockout mice
that lack Vnut and studied the effect of the absence of VNUT on the
vesicular storage and secretion of ATP from neuroendocrine cells.
We show evidence that vesicular ATP acts as a feedback regulator in
catecholamine and insulin secretion in vivo and thereby regulates
blood glucose homeostasis.

Results
Generation and characterization of the Vnut2/2 mice. We pro-
duced mice lacking Vnut by homologous recombination in mouse
embryonic stem cells containing a genetic deletion of the first four
transmembrane domains of VNUT (Fig. 1A). Disruption of the gene
was confirmed by Southern blot analysis and PCR (Figs. 1B and C).

Vnut2/2 mice appeared to be normal when compared to wild-type
mice in terms of weight gain, body size, morphology, food intake,
water intake, oxygen consumption, carbon dioxide emission, respir-
atory exchange ratio (RER), locomotor activity, and open field and
plus maze behaviors (Figs. S1 and S2).

Release of ATP from brain neurons. The loss of VNUT protein in
Vnut2/2 mice was confirmed by immunoblotting of brain synaptic
vesicles (Fig. 1D). Other vesicular neurotransmitter transporters,
such as vesicular monoamine transporter 2 (VMAT2), vesicular
glutamate transporter 1 (VGLUT1), VGLUT2, vesicular excitatory
amino acid transporter (VEAT), and vesicular GABA transporter
(VGAT), showed normal expression (Fig. 1D). Moreover, the
expression levels of synaptic vesicle glycoprotein 2 (SV2), vesicle-
associated membrane protein 2 (VAMP2), synaptophysin (Syn), and
synaptotagmin (Syt) were unaffected by the deletion of VNUT, while
expression of N-ethylmaleimide sensitive factor (NSF) and subunit A
of the vacuolar proton ATPase (V-ATPase) were slightly different
(Fig. 1D). Neurons from wild-type brains exhibited KCl-dependent
release of glutamate, aspartate, and ATP as reported previously23.
Although Vnut2/2 neuronal cells showed 30%–40% reductions in
glutamate and aspartate release, they showed complete loss of ATP
secretion (Figs. 1E–G).

Vesicular storage and release of ATP in adrenal chromaffin
granules. Since the adrenal chromaffin granules are one of the
most characterized ATP-containing secretory granules, we studied
the role of VNUT in the storage and release of ATP in granules.
Consistent with the loss of VNUT in the brain, VNUT immuno-
reactivity as well as mRNA expression were absent in the adrenal
glands, while gene expression and protein levels of other chromaffin
granule proteins including VMAT1 and V-ATPase were unaffected
(Figs. 2A to C). Electron microscopy showed that there were
no apparent morphological differences between wild-type and
Vnut2/2 mice (Fig. 2D).

We examined whether chromaffin granules prepared from wild-
type and Vnut2/2 mice accumulate ATP and dopamine. The mem-

brane vesicles were incubated in buffer containing ATP and Mg21 to
establish an electrochemical gradient of protons across the mem-
brane by V-ATPase, which provides the driving force for VNUT
and VMAT. We found that the membrane vesicles of chromaffin
granules from wild-type mice exhibited ATP uptake with properties
similar to that of purified VNUT-containing proteoliposomes22. ATP
uptake was sensitive to Evans blue (an inhibitor of VNUT) and
bafilomycin A1 (an inhibitor of V-ATPase), and was insensitive to
oligomycin (an inhibitor for oxidative phosphorylation) (Fig. 2E). In
contrast, no ATP uptake was observed in the membrane vesicles of
chromaffin granules from Vnut2/2 mice (Fig. 2E). The same batch of
the membrane vesicles from both wild-type and Vnut2/2 mice exhib-
ited appreciable and comparable reserpine-sensitive dopamine
uptake (Fig. 2F). These results indicated that chromaffin granules
of Vnut2/2 mice selectively lost ability for vesicular ATP storage.

Subsequently we measured the release of ATP, noradrenaline
(NA) and adrenaline (Ad), from cultured chromaffin cells of wild-
type and Vnut2/2 mice. As expected, appreciable amounts of ATP
were released from the chromaffin cells of wild-type mice upon
stimulation with high concentrations of K1 (depolarization),
whereas no such stimulation was observed in the cells of Vnut2/2

mice (Fig. 2G). Chromaffin cells from both wild-type and Vnut2/2

mice exhibited depolarization-dependent NA and Ad release
(Figs. 2H and I). The amount of NA and Ad released from chromaf-
fin cells were significantly lower in Vnut2/2 mice, although the ratio
of stimulation of NA release by K1 was similar in cells from both
wild-type and Vnut2/2 mice (Figs. 2H and I). The addition of ATP
increased the NA and Ad release from Vnut2/2 chromaffin cells
(Figs. 2H and 2I). The adrenal chromaffin granules of Vnut2/2 mice
contained significantly lower levels of NA and Ad than those from
wild-type controls (Fig. 2J). However, the blood concentrations of
NA and Ad were not significantly different between Vnut2/2 and
wilt-type mice (Fig. 2K).

Role of vesicular ATP in b2cells in the islet of Langerhans. Islet of
Langerhans is a small organ that contains several neuroendocrine
cells expressing various purinoceptors14–18. ATP and insulin are co-
stored and co-secreted24,25. Insulin secretion is dependent on high
blood glucose and ATP may regulate insulin secretion in a paracrine
or autocrine manner24,25. However it is not still clear how ATP is
stored in b-cells. As shown in Figure 3A, VNUT immunoreactivity
was distributed throughout the islets of Langerhans. Double
immunohistochemical labeling indicated that both a2cells and b-
cells but not d-cells expressed VNUT (Fig. 3B). Immunoelectron
microscopy clearly indicated that VNUT immunoreactivity is
associated with insulin granules of b-cells (Fig. 3C). Immuno-
reactivity to VNUT was also observed in exocrine acinar cells
(Fig. 3A). In Vnut2/2 mice, no VNUT immunoreactivity was
observed in the islets of Langerhans or in pancreatic acinar cells
(Fig. 3A). At the electron microscopic level, no apparent mor-
phological changes in terms of number and diameter of secretory
granules were observed in both a-cells and b-cells of islets from
Vnut2/2 cells (Fig. 3D).

We next examined whether ATP is secreted from islets of
Langerhans isolated from wild-type and Vnut2/2 mice. Islets were
incubated with Krebs-Ringer bicarbonate buffer containing 2.5 mM
glucose and transferred into the same medium containing 2.5 mM
glucose or 20 mM glucose, after which the concentrations of ATP
and insulin in the medium and in the islets were determined.
Appreciable amounts of ATP were released from wild-type islets of
Langerhans upon stimulation by high concentrations of glucose,
whereas no glucose-stimulated secretion of ATP was observed from
those isolated from Vnut2/2 mice (Fig. 3E). Under these conditions,
insulin was also secreted upon stimulation with glucose from wild-
type islets (Fig. 3F). In the islets of Vnut2/2 mice, the glucose-stimu-
lated insulin secretion was about 1.5-fold higher than that of the
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Figure 1 | Generation of Vnut2/2 mice. (A) Targeted disruption of mouse Vnut gene. The Vnut locus containing exons 2–3 was replaced with a neomycin

resistance gene by homologous recombination of the linearized targeting vector. The positions of probes for southern blotting analysis are shown.

(B) Southern blotting analyses of genomic DNA from neomycin-resistant ES cell clones. Genomic DNA was digested by EcoT22I and NotI for 59 probe

(upper panel) and SpeI for 39 probe (lower panel). The targeted allele yielded a 10.3-kb band using the 59 probe and a 7.6-kb band using the 39 probe. The

full-length blotting images are presented in Supplementary Fig. S3. (C) PCR amplification of genomic DNA from the tails of wild-type (WT) and

homozygous Vnut2/2 (KO) mice. A 217 bp band was amplified from the wild-type allele and a 314 bp band was amplified from the recombinant allele.

The full-length gel image is presented in Supplementary Fig. S4. (D) Western blot of crude brain synaptic vesicles (30 mg) prepared from WT and KO mice

with the antibodies indicated. The full-length blotting images are presented in Supplementary Fig. S5. (E–G) Depolarization-dependent ATP (E),

glutamate (F) and aspartate (G) release from hippocampal neuron of WT (open bars, n 5 3) and KO mice (filled bars, n 5 3) was assessed 20 min after the

addition of 50 mM KCl (1). Error bars represent mean 6 S.E. *: p , 0.05. NS: not significant.
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Figure 2 | Loss of VNUT impaired the vesicular accumulation and exocytosis of ATP in adrenal glands. (A) Real-time PCR analysis was performed with

total RNA isolated from adrenal glands of wild-type (WT, open bar, n 5 3) and Vnut2/2 mice (KO, filled bar, n 5 3). The relative amount of mRNA was

defined as the ratio to that of G3pdh. (B) Western blot of adrenal chromaffin membrane vesicles (5 mg) prepared from WT and KO mice and probed with

the indicated antibodies. The full-length blotting images are presented in Supplementary Fig. S6. (C) Indirect immunofluorescence microscopy revealed

that VNUT was expressed in WT mouse adrenal glands (WT). No VNUT immunoreactivity was seen in adrenal glands from KO mice (KO). C, cortex; M,

medulla. Scale bar 5 20 mm. (D) Electron microscopy indicated that adrenal chromaffin cells from KO mice were morphologically normal. A, adrenaline-

storing cells; NA, noradrenaline storing cells. Scale bar 5 1 mm. (E) ATP uptake by chromaffin granules isolated from WT mice (open bar, n 5 3) and KO

mice (filled bar, n 5 3). The final concentrations of the substances tested were: Evans blue, 10 mM; bafilomycin A1, 50 nM; oligomycin, 5 mM;

atractyroside, 10 mM. (F) Dopamine uptake by chromaffin granules isolated from WT (n 5 3) and KO mice (n 5 3). The dopamine uptake values in the

presence of ATP were corrected by subtracting the values obtained in the absence of ATP. (G) The depolarization-dependent release of ATP from

chromaffin cells of WT (n 5 3) and KO mice (n 5 3) was assessed 20 min after the addition of 50 mM KCl. (H) and (I) Depolarization-dependent release

of noradrenaline (H) and adrenaline (I) from chromaffin cells of WT (n 5 3) and KO mice (n 5 3) after the addition of 50 mM KCl (1). When indicated,

50 mM KCl plus 0.1 mM ATP was included in the medium. (J) The amounts of noradrenaline and adrenaline in adrenal chromaffin granules of WT

(n 5 3) and KO mice (n 5 3). (K) Serum levels of catecholamines in WT (n 5 4) and KO (n 5 4) mice after overnight fast. Error bars represent

mean 6 S.E. *: p , 0.05. NS: not significant.
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wild-type controls (Fig. 3F). The addition of low concentrations of
ATP inhibited the glucose-stimulated release of insulin from both
wild-type and Vnut2/2 islets (Fig. 3F). No significant differences were
observed in the insulin content and proinsulin/insulin ratio between
islets from wild-type and Vnut2/2 mice (Figs. 3G and H). The intra-
cellular ATP affects insulin release through modification of ATP-
sensitive K1 channel, but it was not altered in Vnut2/2 (Fig. 3I). These
results indicated that vesicular storage and subsequent exocytosis of
ATP from b-cells were impaired in Vnut2/2 mice and that vesicular
ATP acts as a negative regulator of insulin secretion.

Vnut2/2 mice were hypoglycemic. Decreased secretion of cate-
cholamines from adrenal grand and increased secretion of insulin
from islets in Vnut2/2 mice suggested the possibility that the loss of
ATP signaling affected glucose homeostasis. As expected, we found
that upon fasting, the blood glucose level in Vnut2/2 mice was
significantly lower than that in controls (Fig. 4A). It is noted that
both serum glucagon and adrenaline levels in Vnut2/2 mice were
comparable to those in control mice, although glucose levels were
significantly lower in Vnut2/2 mice. These results suggested that both
glucagon and adrenaline secretion in response to hypoglycemia may
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Figure 3 | VNUT acted as a negative regulator of insulin secretion in pancreatic islets. (A) Indirect immunofluorescence microscopy revealed that

VNUT was expressed in mouse pancreatic islets (WT). No VNUT immunoreactivity was seen in pancreatic islets isolated from Vnut2/2 mice (KO). L, islet

of Langerhans; a, acinar cell. Scale bar 5 20 mm. (B) Localization of VNUT in islets. Sections of pancreas were double immunostained with antibodies

against VNUT and insulin, VNUT and glucagon (marker of a2cells) and VNUT and somatostatin (marker of d-cells), and observed by confocal laser

microscopy. Merged pictures are also shown to the right. Areas surrounded by dotted line were enlarged in Supplementary Fig. S7. Bar 5 20 mm.
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be defective in Vnut2/2 mice. Then we examined the effect of VNUT
knockout on glucose tolerance. As shown in Figures 4B and C,
Vnut2/2 mice showed enhanced glucose tolerance after oral
injection of glucose, although blood insulin levels were lower in
Vnut2/2 mice than controls. Under this condition, the serum GLP-
1 level was not altered in Vnut2/2 mice (data not shown). In addition,
similar results were obtained by intreperitoneal injection of glucose
(data not shown). These results indicated VNUT, known to be
expressed in intestinal L cell, is not likely to involve in GLP-1
secretion26. The insulin tolerance test (ITT) showed that Vnut2/2

mice had lower blood glucose levels than wild-type mice, indi-
cating increased sensitivity to insulin (Fig. 4D). Under these condi-
tions, the serum glucagon level in Vnut2/2 mice was comparable to
that in wild-type controls (Fig. 4E).

The role of ATP signaling in glucose homeostasis in vivo. Finally,
we investigated the mechanism for the altered glucose homeostasis in
Vnut2/2 mice. Since Akt functions as an intracellular regulator of
insulin sensitivity27, we evaluated phosphorylation level of Akt
(pAkt) in the liver. As shown in Fig. 5A, the relative amount of
pAkt under basal conditions was significantly increased in Vnut2/2

mice even though the total amount of Akt and pAkt was not different

from controls. Addition of exogenous insulin further increased the
relative proportion of pAkt in livers of both wild-type and Vnut2/2

mice. A significant difference was also found in the amount of pAkt
after insulin stimulation between Vnut2/2 and wild-type mice.
However, such a significant difference was not observed in skeletal
muscle (Fig. S9). Glycogen contents in the livers of Vnut2/2 mice
were lower than that of wild-type mice under fed conditions, whereas
there was no difference under fasting conditions (Fig. 5B). In wild-
type mice, glycogen content was highest under fed conditions. In
Vnut2/2 mice, however, the differences in glycogen content be-
tween the fed and fasting conditions were not significant. Hepatic
lipid content was increased after fasting in wild-type mice, whereas
no increase was observed in Vnut2/2 mice (Fig. 5C).

Discussion
In the present study we generated Vnut2/2 mice and examined the
changes in the properties of vesicular storage and release of ATP in
neurons and two kinds of neuroendocrine cells. Previous studies
have shown the wide physiological functions of purinergic chemical
transmission, that VNUT is broadly expressed in the brain, including
the cerebellar cortex, olfactory bulb and hippocampus, and that it is
responsible for vesicular storage and release of ATP23. Consistent

Figure 4 | Vnut2/2 mice were hypoglycemic. (A) Serum glucose, glucagon, and adrenalin levels after 24 h fasting in wild-type (WT, open bar, n 5 3) and

Vnut2/2 mice (KO, filled bar, n 5 4). (B) and (C) OGTT. Serum glucose (B) and insulin (C) levels were measured at indicated times after oral injection of

glucose in WT (open squares, n 5 7) and KO mice (filled squares, n 5 10). (D) and (E) Serum glucose (D) and glucagon (E) levels during ITT in

WT (n 5 8) and KO mice (n 5 17). Error bars represent mean 6 S.E. *: p , 0.05.
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with these studies, Vnut2/2 mice lost vesicular ATP release from
hippocampal neurons due to the lack of VNUT protein. It is note-
worthy that VNUT is a member of SLC17 family and no isoform is
presented in this family. Results show VNUT is an essential com-
ponent of vesicular ATP release.

Although our behavioral analyses did not discriminate between
wild-type and Vnut2/2 mice, it doesn’t imply less physiological rel-
evance of VNUT in the central nervous system. Since purinergic
signaling in brain is involved in cognition, learning, memory and
sleep, more detailed behavioral analyses should be required to reveal
physiological relevance of VNUT in brain28.

In contrast to the central nervous system, significant effects of
VNUT gene knockout were observed in neuroendocrine cells. In
adrenal chromaffin cells, ATP and catecholamine are co-stored in
chromaffin granules through VNUT and VMAT-mediated active
transport and are co-secreted through exocytosis. Various peptides
such as encephalin, chromogranins and their degradation products
are also secreted as intercellular messengers1,3,4. In Vnut2/2 mice, it
was found that vesicular ATP transport was absent, while reserpine-
sensitive dopamine uptake was unchanged compared to controls.
The secretion of catecholamines in the gland was not radically affec-
ted, although the content of catecholamine in the glands was
decreased in Vnut2/2 mice. The results are in line with the long-
standing hypothesis that vesicular ATP is involved in the forma-
tion of an osmotically inactive complex with catecholamine and
thereby plays an important role in synthesis and secretion of
catecholamine1,3,29,30.

We confirmed that Vnut2/2 mice lost vesicular storage and release
of ATP from the chromaffin cells, resulting in impairment of pur-
inergic chemical transmission. As expression of purinoceptors in the
adrenal glands was not altered in Vnut2/2 mice, stimulation of pur-
inoceptors upon addition of exogenous ATP facilitated depolariza-
tion-dependent secretion of NA and Ad (Figs. 2H and I). Thus, it is
concluded that vesicular ATP release in the adrenal gland is involved
in the positive feedback regulation of catecholamine secretion
through enhanced synthesis and exocytosis of catecholamines in
vivo. Although contradictory secondary responses have been re-

ported regarding catecholamine secretion from chromaffin cells7–13,
the action by the P2Y2 and P2X4-7 receptors may dominate in
adrenal chromaffin cells in vivo.

In the islets of Langerhans, we found that VNUT was associated
with insulin granules of b-cells and glucose-stimulated ATP secre-
tion from b-cells was not detected in Vnut2/2 mice. These results
indicated that insulin and ATP are co-stored and co-secreted upon
glucose stimulation through a VNUT-dependent mechanism.
Recently, Geisler et al. reported that suppression of VNUT gene
expression in isolated islets and MIN6 clonal cells by RNA interfer-
ence decreased secretion of both ATP and insulin; they concluded
that ATP signaling enhances the secretion of insulin through P2X
receptor signaling31. On the other hand, in the islets of Vnut2/2 mice,
glucose dependent insulin release was stimulated. Contradictory
results may partly due to the expression level of VNUT protein
and cells used in the experiments. Although shRNA treatment
decreased VNUT mRNA level, it retained significant level of
VNUT protein. In addition, they used MIN6 cells as a model of b
cell. Alternatively, there may be some modification in Vnut2/2 islet
during development. Such methodological differences may cause the
discrepancy between these studies.

In the islets from Vnut2/2 mice, the content of insulin and insulin/
proinsulin ratio were comparable to those of control mice, indicating
that vesicular ATP is not involved in the biosynthesis and processing
of insulin. As shown previously, b-cells secrete ATP with insulin
when glucose concentration increases, and the released ATP leads
to complex effects on insulin secretion that are dependent on species
and receptor type24,25. For example, ATP and its derivatives enhance
insulin secretion in different species including rodents and hu-
mans14–18. It was also reported that ATP inhibits insulin secretion
through the P2Y1 receptor and/or A1 receptor in mice14,32. It should
be stressed that in rats and dogs, ATP or ATP analogues, such as 2-
methylthio ATP and ADPbS, cause opposite effects to that in mice
and facilitating insulin secretion and improving glucose tolerance33.
A recent study using specific ligands showed that stimulation of
P2Y13 receptor inhibits insulin secretion, whereas stimulation of
P2Y1 receptor increases insulin secretion34. The P2Y13 antagonist,

Figure 5 | Glucose metabolism in Vnut2/2 mice. (A) Western blot analyses of liver homogenates (20 mg protein) from wild-type (WT, open bar, n 5 3)

and Vnut2/2 (KO, filled bar, n 5 3) mice using antibodies against Akt and pAkt (lower panel). The results of quantitative analysis are shown in the upper

panel. The full-length blotting images are presented in Supplementary Fig. S8. (B) Glycogen contents in livers of WT (open bar, n 5 3) and KO

mice (filled bar, n 5 4) before and after 6 h fast. (C) Total lipids in livers of WT (open bar, n 5 6) and KO mice (filled bar, n 5 6) before and after 6 h fast.

Error bars represent mean 6 S.E. *: p , 0.05. NS: not significant.
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MRS2211, reduced plasma glucose concentrations by increased
plasma insulin level34. Taken together, these observations indicate
that the multiple effects of nucleotides on insulin secretion are
dependent on species and receptor type. In this study, we have pro-
vided evidence that glucose-dependent ATP release is impaired and
that glucose-dependent secretion of insulin is enhanced in Vnut2/2

mice. Thus, ATP release from b-cells is involved in the negative
feedback regulation of insulin release in vivo, and loss or decreased
purinergic chemical transmission blocks the feedback loop, resulting
in increased insulin secretion in mice. The inhibitory effect of P2Y13

is probably dominant to the stimulatory effect of P2Y1 on insulin
secretion in mice.

This conclusion was collaborated by our observations that
Vnut2/2 mice were hypoglycemic after 24 h fasting and showed
improved glucose tolerance after glucose challenge. These results
provide compelling evidence that vesicular ATP actually participates
in the purinergic chemical transmission in chromaffin cells and islets
and that its regulation is involved in glucose homeostasis in vivo.
Under fasting, serum glucose concentration is controlled by
increased glucagon and adrenaline secretion. Interestingly, both glu-
cagon and adrenaline levels were not altered in Vnut2/2 mice sug-
gesting a defective glucagon and adrenalin secretion in response to
hypoglycemia in Vnut2/2 mice.

Vnut2/2 mice also exhibited hypoglycemia under glucose tol-
erance test indicating increased insulin sensitivity. It should be
stressed that we also observed elevated phosphorylation of hepatic
Akt, a key protein in the insulin signaling cascade that is down-
stream of the insulin receptor and insulin receptor substrate (IRS)27,
in Vnut2/2 mice. Activation of the insulin receptor promotes phos-
phorylation of Akt and leads to metabolic responses, such as activa-
tion of glucose uptake and glycogen and fatty acid synthesis. Thus,
increased phosphorylation of Akt in Vnut2/2 mice may explain the
improved glucose tolerance and insulin sensitivity. It is interest to
note that Akt phosphorylation in hepatocytes is inhibited by bind-
ing of ADP to the P2Y13 receptor, suggesting that loss of purinergic
signaling stimulates Akt phosphorylation, in good agreement with
our observations in Vnut2/2 mice35. Interestingly, gene disruption of
Cd39/Entpd1, an ecto-ATPase, resulted in hyperglycemia and
impaired glucose tolerance, a phenotype that was almost the oppos-
ite of that in Vnut2/2 mice36. Cd39/Entpd12/2 mice also showed
decreased glucose uptake and inhibited IRS. These results support
our hypothesis that purinergic signaling modulates glucose meta-
bolism through inhibition of the insulin signaling cascade. In the
wild-type liver, a reduction of glycogen content and an increase of
lipid content were observed after fasting. However, these changes in
glycogen and lipid metabolism were not observed in Vnut2/2 mice,
suggesting roles of purinergic signaling in glucose and lipid meta-
bolism in the liver. On the other hand, a statistical difference in the
Akt phosphorylation was not found in skeletal muscle, the other
major insulin target organ. This may be due to the lower expression
level in muscle compared to the liver. Alternatively, the experi-
mental condition using high dose insulin may not be a good system
to detect the effect of VNUT on insulin signaling in the muscle.
Recently, ATP released from skeletal muscle by exercise has shown
to increase glucose uptake in rat muscle fibers37, a further study on
the VNUT role in muscle will be guaranteed. Nonetheless, impair-
ment of vesicular ATP release induces hypoglycemia, which may
correlate with the upregulation of Akt-dependent energy metabol-
ism and suggests that VNUT is a potential and novel target of
antidiabetic agents.

In conclusion, we demonstrated that VNUT-mediated ATP trans-
port is essential to vesicular storage and subsequent release of ATP in
neuroendocrine cells. Vnut2/2 mice lose purinergic signal output due
to defective ATP vesicular storage and release. As a consequence, a
profound relationship between vesicular ATP and glucose metabol-
ism was revealed. Vnut2/2 mice are a potential tool to investigate the

overall mechanism and physiological relevance of ATP release from
purinergic cells.

Methods
Generation of Vnut2/2 mice. Mouse experiments were performed according to
guidelines set by the animal ethics committees of Kyushu University, Okayama
University and Ajinomoto Co. Ltd. All experiments were carried out in accordance
with the approved institutional guidelines.

Vnut2/2 mice were generated by gene disruption (Fig. 1). Briefly, 4.0 kb and 4.7 kb
DNA fragments that flank exons 2 and 3 and which were used as the 59 and 39 arms,
respectively, and were amplified by PCR from 129/Sv mouse genomic DNA and
subcloned into a pPGKneobpAlox2PGKDTA vector containing the neomycin res-
istance gene (Neo) as a positive selection marker and the diphtheria toxin A fragment
gene (DT-A) as a negative selection marker. The targeting vector was linearized with
Xho I and transfected into mouse embryonic stem (ES) cells. Targeted Vnut1/2 ES
clones were injected into C57BL/6J blastocysts to obtain chimeric mice. Male chi-
meric mice were crossed with female C57BL/6J to generate Vnut1/2 mice. The het-
erozygous offspring were intercrossed to generate homozygous knockout (KO,
Vnut2/2) mice. Homozygous Vnut2/2 mice were obtained at the expected Mendelian
frequency. Genomic DNA was isolated from tail biopsies and was used as the template
for genotyping PCR. The primers used for the wild-type allele were: WT forward, 59-
CTATGTGTAGCCCTGGATGG-39, and WT reverse, 59-GTGTACCCTTCGGG-
GAAAGT-39. The primers for the knockout allele were: KO forward, 59-CTTGT-
GTTTGGGATCCTGGT-39, and KO reverse, 59-GGGAGGATTGGG AAGACAAT-
39. These primers amplified a 217 bp fragment from the endogenous Vnut wild-type
allele and a fragment of 314 bp from the Vnut targeted allele.

Uptake of ATP and dopamine by chromaffin granule membrane vesicles.
Membrane vesicles of chromaffin granules were prepared from adrenal glands of 30
wild-type and 30 Vnut2/2 mice each as described previously38. The membrane vesicles
were suspended in reaction mixture consisting of 20 mM MOPS-Tris (pH 7.0), 0.3 M
sucrose, 2 mM magnesium acetate, 4 mM KCl, and incubated for 2 min at 30uC. The
assay was initiated by the addition of 2 mM [2,8-3H] ATP (20 MBq/mmol), and 100-
ml aliquots were taken and filtered through nitrocellulose filters (Millipore, USA).
After washing with 6 ml of cold reaction buffer, the radioactivity remaining on the
filters was counted.

For dopamine uptake, the membrane vesicles were suspended in reaction mixture
consisting of 20 mM MOPS-Tris (pH 7.0), 0.1 M KCl, 0.1 M sucrose and 5 mM
magnesium acetate in the presence or absence of 1 mM reserpine, and incubated for
2 min at 30uC. The assay was initiated by the addition of 5 mM ATP and 10 mM
[ring-2, 5, 6-3H] dopamine (0.5 MBq/mmol).

ATP, noradrenaline, and adrenaline release from isolated chromaffin cells.
Adrenal chromaffin cells were isolated from wild-type and Vnut2/2 mice as described
previously39. Primary culture cells were washed three times with Krebs-Ringer
bicarbonate buffer composed of 128 mM NaCl, 1.9 mM KCl, 1.2 mM KH2PO4

1.3 mM MgSO4, 26 mM NaHCO3, 10 mM D-glucose, 10 mM HEPES-Tris, pH 7.4,
2.4 mM CaCl2 and 0.2% (w/v) bovine serum albumin (BSA). After the cells had been
incubated in Krebs-Ringer bicarbonate buffer at 37uC for 20 min, ATP,
noradrenaline (NA) and adrenaline (Ad) release were stimulated by the addition of
50 mM KCl. After incubation at 37uC for 20 min, aliquots were taken and the amount
of ATP was measured using the Kinshiro ATP luminescence kit (TOYO INK, Japan)
and the amounts of NA and Ad were measured by 3-CAT Research ELISATM (Labor
Diagnostika Nord GmbH & Co. KG, Nordhorn, Germany).

To determine the NA and Ad contents of whole adrenal glands, four glands per
assay were homogenized in buffer consisting of 10 mM MOPS-Tris (pH 7.0), 0.3 M
sucrose and 5 mM EDTA, and centrifuged at 1,300 3 g, for 8 min. NA and Ad
contents in the supernatant were measured. To measure plasma catecholamine levels,
blood samples (100 ml) were collected from the tail vein of mice fasted for 18 h or
randomly fed. Samples were centrifuged, and the plasma used to determine the
catecholamine concentration.

ATP and insulin secretion from isolated islets. Pancreatic islets were isolated from
Vnut2/2 and wild-type mice as described previously40. Each group of five size-
matched islets (100–200 mm in diameter) was preincubated for 1 h at 37uC in Krebs-
Ringer bicarbonate buffer composed of 135 mM NaCl, 3.6 mM KCl, 1.5 mM CaCl2,
0.5 mM MgCl2, 2 mM NaHCO3, 0.5 mM NaH2PO4 and 10 mM HEPES containing
2.5 mM D-glucose. After preincubation, the buffer composition was changed to
20 mM glucose or 2.5 mM glucose plus 0.2% (w/v) BSA. After 60 min, the medium
from each group was collected. Insulin concentrations in the medium were measured
using the Mouse Insulin ELISA Kit (Morinaga Institute of Biological Science, Japan).
ATP content in the medium was measured as described above.

To determine their insulin content, the islets were sonicated in 0.2 mM hydro-
chloric acid and 75% ethanol on ice and incubated overnight at 4uC. After a brief
centrifugation (800 3 g, 15 min, 4uC), the supernatant was used for the measurement
of insulin content using the insulin ELISA kit named above.

Antibodies. Primary antibodies for immunoblotting were purchased from the
following commercial sources: anti-VMAT1 rabbit polyclonal antibody (Abcam,
UK), anti-VMAT2 rabbit polyclonal antibody (Abcam, UK), anti-insulin guinea pig
polyclonal antibody (Abcam, UK), anti-glucagon mouse monoclonal antibody
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(Sigma, USA), anti-somatostatin rat monoclonal antibody (Chemicon, USA) and
anti-b actin mouse monoclonal antibody (Abcam, UK). Antibodies against mouse
VNUT, VGLUT1, VGLUT2, VEAT, VGAT, SV2, VAMP2, NSF, and subunit A of V-
ATPase for immunoblotting and immunohistochemistry were prepared as described
previously22,23,41–45.

Immunohistochemistry. Indirect immunofluorescence microscopy was performed
as described41. Mouse VNUT antibody was diluted 15200 (v/v) with PBS containing
0.5% (w/v) BSA and used for immunostaining. Anti-insulin guinea pig polyclonal
antibody (152000), anti-glucagon mouse monoclonal antibody (15500000), and anti-
somatostatin rat monoclonal antibody (152000) were used for immunostaining of the
respective antigens.

Electron microscopy. Conventional and immunoelectron microcopies were carried
out as described previously41,46. Adult Vnut2/2 and wild-type male mice were
anesthetized with ether and then perfused intracardially with saline, followed by 2.5%
or 4% (w/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Ultrathin sections of
adrenal glands and pancreas were observed under a Hitachi H-7600 electron
microscope.

Real-time PCR. Total RNA from the adrenal glands of wild-type and Vnut2/2 mice
was extracted with Isogen II (Nippon Gene, Toyama, Japan). cDNA was generated
from 1 mg of total RNA with High Capacity RNA-to-cDNA Kit (Applied Biosystems,
Foster City, CA). The resulting cDNA pool was used for real-time PCR, which was
carried out with TaqManH Gene Expression Master Mix and the respective probe sets
(Applied Biosystems). Forty cycles were performed with denaturation at 95uC for
15 s, and annealing/extension at 60uC for 30 s. The comparative CT method was used
for relative quantification.

Oxygen consumption measurements. Mice were subjected to oxygen consumption
measurements using a computer-controlled open-circuit indirect calorimeter
(Oxymax; Columbus Instruments, USA), and the data were analyzed using Oxymax
Windows software47.

Behavior-based test. Each animal was set on the open field (60 cm 3 60 cm) or the
plus maze apparatus (30 cm 3 5 cm closed arm, with a 25 cm high wall, 47 cm above
the floor) and its behavior was recorded on video for 10 min48.

Oral glucose tolerance test and insulin tolerance test. For the oral glucose tolerance
test (OGTT), mice fasted for 18 h were injected orally with 2 g of glucose/kg body
weight dissolved in saline. To measure plasma insulin levels, blood samples (100 ml)
were collected from the tail vein and centrifuged. For insulin tolerance tests (ITT),
mice fasted for 4 h were injected intraperitoneally with 0.75 units of human regular
insulin/kg body weight. In each test, blood glucose levels were measured using a
Glutest Sensor (Sanwa Kagaku Inc., Tokyo, Japan).

Insulin signaling. After an overnight fast, mice were anesthetized and the abdominal
cavity was opened to inject either 5 units regular human insulin or insulin diluent,
diluted in 0.9% saline (final volume 125 ml) into the inferior vena cava. Samples of
liver were collected 2 min after injection and analyzed by Western blotting49.

Glycogen and lipid measurement. To measure glycogen levels, livers were isolated
from mice fed and then fasted for 6 h. The tissues were homogenized in distilled
water, and boiled for 10 min. After centrifugation at 16400 3 g for 10 min, the
supernatant was measured using glycogen assay kit (BioAssay Systems, Hayward,
USA). The total lipid levels were measured after Folch lipid extraction.

Statistical analysis. All numerical values are shown as the mean 6 S.E. for 3 to 17
experiments. Statistical significance was determined by Student’s t test.
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