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The ecto-nucleotidase NTPDase1 differentially
regulates P2Y1 and P2Y2 receptor-dependent
vasorelaxationbph_566 576..585
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Background and purpose: Extracellular nucleotides produce vasodilatation through endothelial P2 receptor activation. As
these autacoids are actively metabolized by the ecto-nucleotidase nucleoside triphosphate diphosphohydrolase-1 (NTPDase1),
we studied the effects of this cell surface enzyme on nucleotide-dependent vasodilatation.
Experimental approach: Vascular NTPDase expression and activity were evaluated by immunohistochemistry and histochem-
istry. The vascular effects of nucleotides were tested in vivo by monitoring mean arterial pressure, and in vitro comparing
reactivity of aortic rings using wild-type and Entpd1-/- (lacking NTPDase1) mice.
Key results: The absence of NTPDase1 in Entpd1-/- mice led to a dramatic drop in endothelial nucleotidase activity. This deficit
was associated with an exacerbated decrease in blood pressure after nucleotide injection. Following ATP injection, mean arterial
pressure was decreased in Entpd1+/+ and Entpd1-/- mice by 5.0 and 17%, respectively, and by 0.1 and 19% after UTP injection
(10 nmole·kg-1 both). In vitro, the concentration-response curves of relaxation to ADP and ATP were shifted to the left,
revealing a facilitation of endothelial P2Y1 and P2Y2 receptor activation in Entpd1-/- mice. EC50 values in Entpd1+/+ versus
Entpd1-/- aortic rings were 14 mM versus 0.35 mM for ADP, and 29 mM versus 1 mM for ATP. In Entpd1-/- aortas, P2Y1 receptors
were more extensively desensitized than P2Y2 receptors. Relaxations to the non-hydrolysable analogues ADPbS (P2Y1) and
ATPgS (P2Y2) were equivalent in both genotypes confirming the normal functionality of these P2Y receptors in mutant mice.
Conclusions and implications: NTPDase1 controls endothelial P2Y receptor-dependent relaxation, regulating both agonist
level and P2 receptor reactivity.
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Introduction

Extracellular nucleotides take part to a wide range of physi-
ological and pathological processes in virtually every tissue

(Burnstock, 2006). In the circulation, red blood cells, endot-
helial cells, activated platelets and neutrophils release ATP
and ADP in the lumen of the vessel in response to shear
stress (Bodin et al., 1991), hyperoxia (Ahmad et al., 2004),
hypoxia (Gordon, 1986) or agonist stimulation (Yang et al.,
1994; Ostrom et al., 2000; Joseph et al., 2003). Nucleotides
and nucleosides (adenosine) regulate cell function following
autocrine and paracrine activation of purinergic (P2) recep-
tors (nomenclature follows Alexander et al., 2008). To date,
seven ligand-gated P2X (P2X1–7) (North, 2002) and eight G
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protein-coupled P2Y receptors (P2Y1, 2, 4, 6, 11–14)
(Abbracchio et al., 2006) have been cloned in human. P2X
receptors are activated by ATP, while P2Y receptors differ
from each other according to the nucleotide(s) they respond
to (ATP, ADP, UTP, UDP or UDP-glucose).

Nucleotides participate in local and systemic control of
blood flow (Burnstock, 2002). The activation of P2 receptors
on vascular smooth muscle cells (VSMCs) promotes vasocon-
striction via either P2X (Gitterman and Evans, 2001) or
pyrimidine-sensitive P2Y receptors. These processes take part
in the neurogenic response of resistance arteries (von Kugel-
gen et al., 1987). In contrast, the activation of endothelial P2
receptors induces a local vasodilatation. This effect involves
three major vasodilator factors depending on the species and
the vascular territories considered: nitric oxide (NO), prosta-
cyclin and endothelium-derived hyperpolarizing factor
(EDHF) (Erlinge and Burnstock, 2008). P2Y1 and P2Y2 recep-
tors are thought to be responsible for ADP and UTP/ATP-
induced vasodilator responses in most tissues (Boarder and
Hourani, 1998). More recently, P2X1 and P2X4 receptors were
proposed to contribute to ATP-induced vasodilatation in
mouse resistance arteries (Yamamoto et al., 2006; Harrington
et al., 2007).

Once released, the biological effect of extracellular
nucleotides is tightly regulated by ecto-nucleotidases
(Zimmermann, 2000). Among these enzymes, members
of the ecto-nucleoside triphosphate diphosphohydrolase
(E-NTPDase) family are dominant (Robson et al., 2006). Two
NTPDases are expressed in the vasculature: NTPDase1 is
expressed on endothelial cells and VSMCs, while
NTPDase2 is expressed in the adventitia of blood vessels,
probably at the surface of fibroblasts (Sévigny et al., 2002).
NTPDase1 regulates local concentration of nucleotides in
the blood stream, and, as a consequence, affects the
activation of P2 receptors expressed in blood cells and
endothelial cells (Enjyoji et al., 1999). NTPDase1 contributes
to the anti-thrombotic property of endothelial cells by
actively hydrolysing ADP, which promotes platelet
aggregation (Marcus et al., 1991; Cote et al., 1992). The key
role of this enzyme in the prevention of thrombosis was
confirmed in knockout mice (Entpd1-/-) (Enjyoji et al., 1999;
Pinsky et al., 2002). Further work with Entpd1-/- mice
highlighted a role of NTPDase1 in regulating other
endothelium-related functions, such as angiogenesis
(Goepfert et al., 2001) and vascular permeability (Guckel-
berger et al., 2004).

We recently observed that the absence of NTPDase1 was
associated with an enhanced vasoconstrictor effect of nucle-
otides through the activation of P2 receptors on VSMCs
(Kauffenstein et al., 2009). Considering the importance of
NTPDase1 as the major ecto-nucleotidase in the vasculature,
as well as the central role of nucleotides in vasomotor
responses, in the present study, we explored the role of NTP-
Dase1 on endothelial P2 receptor-dependent relaxation. Our
results show that NTPDase1 tightly regulated nucleotide-
dependent vascular relaxation in vivo and in vitro. Moreover,
our in vitro experiments revealed that NTPDase1 exerted a
complex role, limiting endothelial P2 receptor activa-
tion, but also protecting P2Y1 receptors from homologous
desensitization.

Methods

Animals
All animal care and experimental procedures were carried out
in accordance with the guidelines of the Institutional Ethical
Committee for Experimental Animals. NTPDase1-deficient
(Entpd1-/-) mice were provided by Dr SC Robson (BIDMC,
HMS, Boston, MA, USA). Entpd1-/- mice, originally from the
background 129 SVJ ¥ C57 BL/6, were backcrossed for seven
generations onto a C57 BL/6 background. Male mice aged of
16–25 weeks were used in all experiments. A confirmatory
experiment was also performed with P2ry2-/- mice, back-
crossed seven generations onto a C57 BL/6 background,
provided by Dr. B. Robaye (ULB, Belgium).

Enzyme histochemistry and immunolocalization
Nucleotide hydrolysis in situ was evaluated as previously
described (Braun et al., 2000). Briefly, 6 mm cryosections of
mouse aorta and liver were fixed in cold acetone mixed with
10% phosphate-buffered formalin and then preincubated for
45 min at room temperature in 0.25 mM sucrose, 2 mM CaCl2

and 50 mM Tris-maleate, pH 7.4. Enzymatic assays were
carried out at 37°C for 60 min in the same buffer, comple-
mented with 2 mM Pb(NO3)2, 5 mM MnCl2, 3% dextran T-250
and 200 mM nucleotides (ATP, ADP) as substrate. In control
experiments, divalent cations were replaced by 10 mM EDTA.
The lead orthophosphate precipitate (brown deposit) result-
ing from nucleotide hydrolysis was visualized by incubating
the sections in an aqueous solution of 1% v/v (NH4)2S. Sec-
tions were counterstained with haematoxylin, mounted with
20% mowiol 4–88 in 50% glycerol, 0.2 M Tris HCl, pH 8.5. For
immunohistochemistry, the endothelial cell marker anti-
mouse CD31/PECAM (clone MEC13.3, BD Pharmingen, San
Diego, CA, USA) and the guinea pig anti-mouse NTPDase1
anti-sera (mN1-2C) were used (Martín-Satué et al., 2009). Stain-
ing was performed with Vectastain ABC elite kit (Vector Labo-
ratories, Burlingame, CA, USA), with 3,30-diaminobenzidine
as chromogen.

In vivo blood pressure measurement
The carotid artery of anaesthetized mice was cannulated with
PE-10 polyethylene tubing (Becton Dickinson, Oakville, ON,
Canada) containing 50 U·mL-1 heparin in saline. A second
cannula, inserted in the contralateral jugular vein, was used
for intravenous infusions of agonists. Changes in mean arte-
rial pressure (DMAP) were detected through the carotid with a
pressure transducer connected to a Blood Pressure Analyzer-
200A (Micro-Med, Tustin, CA, USA).

Isometric contraction of aortic rings
Mice were anaesthetized by intraperitoneal injection of a
mixture of ketamine hydrochloride (100 mg·kg-1) and xyla-
zine (20 mg·kg-1). Thoracic aortas were carefully removed and
washed in saline/heparin (20 U·mL-1) at room temperature.
Extra adventitial fat was removed with microscissors,
and vessels were kept on ice until used in Krebs solution
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[composition (in mM): 118 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2
KH2PO4, 1.2 MgSO4, 25 NaHCO3, and 5.5 glucose]. Aortas were
divided into 2 mm segments and mounted between two tung-
sten triangles in 5 mL organ baths containing Krebs solution
(37°C, aerated with 95% O2/5% CO2, pH 7.4). Aortic rings
were gradually stretched during 1 h to reach a stable loading
tension of 0.75 g. Overall, the procedure from death until
the first measurement took approximately 2.5 h. Isometric
changes in vascular tone were measured by force transducers
(model 52–9545, Harvard Apparatus, South Natick, MA, USA),
coupled to LKB chart recorders (model 2210 or REC 102, LKB,
Rockville, MD, USA). After two equilibrating contractions
with depolarizing KCl (50 mM), the relaxing effect of nucle-
otides was measured on U46619- (a thromboxane mimetic,
30 nM) precontracted aortic rings. In desensitization experi-
ments, the stable nucleotides ADPbS and ATPgS were used to
induce P2Y1 and P2Y2 receptor-dependent relaxation, respec-
tively. ATPgS relaxation was performed in the presence of the
P2Y1-receptor antagonist MRS2500 (1 mM) to avoid responses
from P2Y1 receptors, due to contaminating ADP present in
ATPgS. Desensitization of P2Y1 receptors was achieved by ADP
(10 mM–10 mM), while desensitization of P2Y2 receptors was
achieved by ATP (10 mM–10 mM) for 30 min followed by
seven washes with 5 mL Krebs solution.

Statistical analyses
The data were compared by two-way ANOVA, followed by a
Bonferroni post-hoc test for multi-group comparisons.

Materials
U46619 was purchased from Cayman Chemical (Ann Arbor,
MI, USA), ARL67156 and MRS2500 from Tocris Bioscience
(Ellisville, MO, USA). Apyrase (grade VII), ADP, ATP, ADPbS,
and ATPgS were from Sigma-Aldrich (Oakville, ON, Canada).

Results

Functional expression of NTPDase1 in endothelial cells
The contribution of NTPDase1 in the hydrolysis of nucle-
otides was evaluated in situ by a lead precipitation method
(Braun et al., 2000). Entpd1-/- vessels exhibit an important
deficit in ATPase and ADPase activity in the vascular wall.
Figure 1 illustrates the nucleotidase activity of an aorta and a
hepatic central vein. The ATPase activity localized in the
adventitial layer of Entpd1-/- aorta is due to NTPDase2, which
is a nucleoside triphosphatase with low diphosphatase activ-
ity (Heine et al., 1999; Sévigny et al., 2002). The endothelial
activity of NTPDase1 was more evident in veins, such as the
hepatic central vein (Figure 1B), of wild-type animals because
of the near absence of SMC. This activity was virtually absent
in Entpd1-/- vessels (Figure 1). The same observations were
made in the Entpd1-/- vasculature of other tissues analysed,
namely heart, lungs, bowel, bladder and vas deferens (data
not shown). In accordance with its activity, NTPDase1 immu-
noreactivity was localized in the vascular wall at the level of
the intima and the media layers (Figure 1: Entpd1+/+). It is
noteworthy that prolonged exposure of Entpd1-/- aortas to

ADP, but not ATP, led to a slight lead precipitation at the
endothelial surface (data not shown), suggesting the presence
of an ADPase activity. This activity may be attributable to
NTPDase6 that has previously been shown to be expressed by
endothelial cells in the heart (Yeung et al., 2000).

Effect of intravenous injection of nucleotides
We questioned whether NTPDase1 could affect nucleotide-
induced hypotensive responses in vivo. Thus, blood pressure
was monitored on anaesthetized mice via a carotid catheter as
described in the Methods section. Resting mean arterial pres-
sure (MAP) was similar in Entpd1+/+ and Entpd1-/- mice (mean
� SEM: 62.1 � 1.9 vs. 64.2 � 1.3 mmHg, respectively).

Most of the nucleotides (ATP, ADP, UTP and UDP) are
vasodilators in vitro through activation of endothelial P2
receptors (Erlinge and Burnstock, 2008), and accordingly,
their i.v. injection induces a transient drop in MAP (Shah and
Kadowitz, 2002). To assess the contribution of NTPDase1 in
the nucleotide-dependent vasorelaxation and the resulting
drop in MAP, we compared the effect of i.v. injections of ATP
and UTP in Entpd1+/+ and Entpd1-/- mice (from 0.01 to
1000 nmole·kg-1). The drop in MAP following ATP injection
was greater in Entpd1-/- mice (Figure 2A and B). UTP was as
potent as ATP in decreasing blood pressure in Entpd1-/- mice,
but it did not have any effects in wild-type animals (Figure 2A
and B). Because of its ability to promote platelet aggregation,
the effect of ADP was not tested in vivo. These results show
that NTPDase1 activity limits the vasoactive effect of circulat-
ing ATP and UTP.

P2Y receptor-induced relaxation in aortic rings
P2 receptors have already been characterized in mouse aortic
rings: P2Y1 (ADP) and P2Y2 (ATP) receptors are responsible
for adenine nucleotide-dependent vasorelaxation, and P2Y6
receptors mediates UDP and part of UTP-dependent relax-
ation (Guns et al., 2005; 2006; Bar et al., 2008). This relaxation
depends on NO release, and is abolished in the presence of
NO synthase inhibitors. To assess the role of NTPDase1 in
P2Y1 and P2Y2-dependent relaxation, we evaluated ADP and
ATP-induced relaxation of aortic rings from wild type and
Entpd1-/- mice, pre-contracted by U46619 to 80% of the
maximal response (Figure 3). U46619 induced similar con-
traction level in both strain of mice (mean � SEM of 30 nM
U46619-induced tension: 0.33 � 0.07 vs. 0.35 � 0.08 g of
tension for Entpd1+/+ and Entpd1-/- aortic rings, respectively).

The relaxation induced by ATP was stable, and the shape of
the dose response curves induced by cumulative or single
concentrations of ATP was similar, suggesting that there was
no or moderate desensitization of this response. In contrast,
for ADP-induced relaxation, the concentration-response
curve did not follow a sigmoid shape, suggesting that some
desensitization occurred (data not shown). To avoid such
desensitization, we constructed dose-response curves with a
single concentration of each agonist per aortic ring. Both ADP
and ATP-induced relaxation were potentiated in Entpd1-/-

aortic rings (Figure 3 and Table 1), suggesting that NTPDase1
activity limited activation of endothelial cell P2Y1 and P2Y2
receptors, respectively. In contrast, the non-hydrolysable
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Figure 1 Deficit of nucleotidase activity in Entpd1-/- mouse vasculature in situ. (A) Aorta sections: Nucleotide hydrolysis is impaired in the wall
of Entpd1-/- vessels compared with Entpd1+/+ aortas, which display significant ADPase and ATPase activity, as shown by the brown deposit on
VSMCs and endothelial cells. The remaining ATPase activity in the adventitia is due to nucleoside triphosphate diphosphohydrolase-2
(NTPDase2). (B) Liver sections: The deficit in nucleotidase activity in the endothelium is more obvious in the hepatic central vein. The activity
in canalicules is attributable to NTPDase8 (Fausther et al., 2007). (A and B) Control immunolabelling of the endothelium (PECAM) and
NTPDase1 immunolabelling was performed as described. Note that NTPDase1 is expressed on both endothelial cells and VSMCs, in agreement
with the ATPase and ADPase activities in these cells. Scale bars represent 50 mm.
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analogues ADPbS and ATPgS induced similar dose-dependent
relaxation in either Entpd1+/+ or Entpd1-/- aortic rings
(Figure 3C and D and Table 1), revealing that endothelial P2Y
receptor functionality was comparable in vessels of both
genotypes. The specificity of these non-hydrolysable agonists
for P2Y1 and P2Y2 was verified by showing that ADPbS relax-
ation was blocked by the specific P2Y1 receptor antagonist
MRS2500, while the response to ATPgS was absent in P2ry2-/-

aortas (data not shown), in agreement with previous studies
(Guns et al., 2006).

We previously observed that uracil nucleotides induced a
strong contractile response in Entpd1-/- denuded aortic rings
(Kauffenstein et al., 2009). We have found here that this exac-
erbated contractile response was by far exceeding the relaxing
effect of these nucleotides, making the study of endothelial
P2Y6 receptor dependent relaxation impossible in Entpd1-/-

tissues in this system (data not shown). In contrast, ATP and
ADP did not display constrictor effect at concentrations below
30 mM, making the study of their relaxing effect possible with
no interference resulting from the direct VSMC contractile
responses.

Endothelial P2Y receptor desensitization
The ability of nucleotides to desensitize endothelial P2Y1
and P2Y2 receptors was tested in presence and absence of

NTPDase1. For this, the relaxing effect of the non-
hydrolysable analogues ADPbS and ATPgS were measured in
wild type and Entpd1-/- aortas before and after exposure to
different concentrations of the physiological agonists, ADP
and ATP, at the P2Y1 and P2Y2 receptors, respectively
(Figure 4). In Entpd1-/- aortic rings, P2Y1 receptors desensi-
tized partially after being exposed to 10 mM ADP (44% of
control relaxation), and completely after exposure to
100 mM ADP for 30 min, resulting in the absence of ADPbS-
induced relaxation (Figure 4B and D). In contrast, in
Entpd1+/+ aortic rings, ADPbS-induced relaxation was only
moderately affected after exposure to a much higher con-
centration of ADP (10 mM; 56% of control relaxation
remaining; Figure 4D), revealing that NTPDase1 provides an
efficient protection of P2Y1 receptor against desensitization
by ADP. The P2Y2 receptors presented a different behaviour:
ATPgS-induced relaxation desensitized only weakly, even
after exposing aortic rings to the high concentration of ATP
(10 mM), and no significant difference between Entpd1+/+

and Entpd1-/- aortic rings could be detected (Figure 4C and
E). Besides, carbachol-induced relaxation was not modified
after ATP (10 mM) desensitization, showing that the func-
tionality of relaxation was preserved (data not shown). Note
that this concentration of ATP also desensitizes P2Y1 recep-
tors (Enjyoji et al., 1999).
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Figure 2 The absence of nucleoside triphosphate diphosphohydrolase-1 (NTPDase1) reveals a potent hypotensive effect of nucleotides. (A)
Time course of the vascular response on the mean arterial pressure to injections of 10 nmole·kg-1 of ATP (upper panel) or UTP (lower panel)
in wild-type (Entpd1+/+) and Entpd1-/- mice. (B) Concentration-response curves comparing the maximal decrease in mean arterial pressure
(DMAP max) in response to i.v. injections of ATP (upper panel) or UTP (lower panel). Data are representative of the mean � SEM of four to
five experiments performed on different mice. *P < 0.05; **P < 0.01; ***P < 0.001.
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Discussion and conclusions

The study of Entpd1-/- mice brought to light a role of this
enzyme in thromboregulation (Enjyoji et al., 1999; Pinsky
et al., 2002), angiogenesis (Goepfert et al., 2001) and vascular
permeability (Guckelberger et al., 2004). As circulating nucle-
otides are potent vasodilators through activation of endothe-
lial P2 receptors (Erlinge and Burnstock, 2008), we assessed
the role of NTPDase1 in the regulation of nucleotide-

dependent relaxation. Both ATPase and ADPase activities
were virtually absent in Entpd1-/- mouse vessels (Figure 1),
suggesting that NTPDase1 is the major enzyme responsible for
the hydrolysis of nucleotides at the endothelial surface, in
agreement with previous observations showing that NTP-
Dase1 was the major ectonucleotidase in cardiac endothelial
cells (Enjyoji et al., 1999).

In vivo, the absence of NTPDase1 led to a more pronounced
hypotension following i.v. injection of ATP and UTP. More
striking was our finding that, when injected in vivo, UTP did
not induce a hypotensive response (up to 1 mmole·kg-1) in
wild-type mice, while it was as potent as ATP in Entpd1-/- mice
(Figure 2). The fact that exogenous UTP did not modify arte-
rial blood pressure in wild-type mice suggests that the recep-
tor(s) involved (P2Y6 and/or P2Y2) is (are) tightly regulated by
NTPDase1. These results also demonstrate that NTPDase1 dif-
ferentially influences UTP and ATP responses in vivo.

An explanation for that discrepancy may be that the UTP
receptor is located closer to NTPDase1 than the ATP recep-
tor(s), as found for other P2 receptors. For example, P2Y1 and
NTPDase1 have both been reported to be specifically located
in the cholesterol-rich micro-domains of endothelial cells
(Kaiser et al., 2002; Papanikolaou et al., 2005). Second, the
vasodilator effect of adenine nucleotides may involve several
P2Y (P2Y1,2,4) and P2X (P2X1,4) receptors, making the
control of their activation by the action of NTPDase1 a more
complex process. Finally, the major difference in the effect of
UTP on blood pressure in wild-type and Entpd1-/- mice may
also be due to the low redundancy of uracil nucleotide hydro-
lyzing enzymes compared with the wide range of adenine
nucleotide metabolizing ecto-enzymes (Robson et al., 2006),
making NTPDase1 particularly important in the regulation of
uracil nucleotide action.

In aortic rings in vitro, we measured a leftward shift of the
concentration-response curve of relaxation produced by the
addition of either ADP or ATP. This reveals that NTPDase1
controls P2Y1 and P2Y2 receptor activation, as these are the
receptors mediating the relaxant effects (Guns et al., 2005;
2006) (Figure 3). The present observations in vitro and in vivo
suggest that during conditions in which endothelial NTP-
Dase1 activity is reduced, such as in vascular inflammation or
oxidative stress (Robson et al., 1997), the vasodilator effects of
nucleotides would be potentiated.

As a counterpart, the absence of NTPDase1 revealed the
propensity of endothelial P2Y1 receptors to undergo desensi-
tization when exposed to ADP in vitro (Figure 4). The latter is
in agreement with the rapid and complete P2Y1 receptor
desensitization in the presence of its natural ligand ADP
(Baurand et al., 2000). The desensitization of P2Y1 receptors
has been particularly examined on blood platelets, since it is
responsible for the well-known refractory state of stored plate-
lets (Holme and Holmsen, 1975). Indeed, apyrase, a potato
enzyme that hydrolyses nucleotides similarly to NTPDase1,
has been used since a long time to circumvent desensitization
during platelet isolation (Ardlie et al., 1971). This function is
fulfilled by NTPDase1 in vivo. As a consequence, the absence
of NTPDase1 leads to a bleeding disorder specifically linked to
platelet P2Y1 receptor desensitization and a failure of aggre-
gation (Enjyoji et al., 1999). Here we found that NTPDase1
protects endothelial P2Y1 receptors and its associated
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Figure 3 The relaxing effect of nucleotides is potentiated in
Entpd1-/- aortas. The relaxing effect of nucleotides was evaluated on
U46619-precontracted aortas (30 nM). ADP and ATP were used as
P2Y1 and P2Y2 receptor agonists, respectively. Both ADP (A) and
ATP-dependent (B) relaxations were enhanced in Entpd1-/- aortas.
Relaxations induced by the non-hydrolysable analogues ADPbS (C) or
ATPgS (D) were equivalent in both genotypes.

Table 1 Relaxation of Entpd1+/+ and Entpd1-/- aortic rings in
response to natural or non-hydrolysable agonists of P2Y1 and P2Y2
receptors

Emax (% of relaxation) EC50 (mM)

Entpd1+/+ Entpd1-/- Entpd1+/+ Entpd1-/-

ADP 54 27 14 0.35
ADPbS 44 48 1.4 0.99
ATP 96 96 29 1.0
ATPgS 83 79 0.6 0.86

Values shown in the table are derived from concentration-response curves
obtained with a single concentration for each aortic ring. The relaxant effect of
each agonist concentration was determined on aortic rings from three to five
different mice.
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relaxation against desensitization. The fact that ADPbS-
dependent relaxation was unchanged between Entpd1+/+ and
Entpd1-/- aortas in these in vitro experiments suggests that
these receptors are not desensitized in the long term.
However, we cannot exclude that endothelial P2Y1 receptors
may desensitize when exposed to significant ADP concentra-
tions released by blood cells, as from aggregating platelets
(Enjyoji et al., 1999). The in vivo hypotensive effect of ADP
was not tested due to its pro-aggregatory properties.

On the other hand, P2Y2 receptor was only poorly desen-
sitized in our experimental conditions. High concentrations
of ATP were required to diminish P2Y2-dependent relaxation
(Figure 4). These results clearly indicate that, in the same
arterial preparation, P2Y2 receptors are less prone to desensi-
tization than P2Y1 receptors and correlate with the earlier

observation that in bovine aortic endothelial cells, IP3 accu-
mulation induced by 2MeS-ADP- (a P2Y1 agonist) was more
easily desensitized than responses to ATP/UTP (P2Y2 agonists)
(Motte et al., 1993; Wilkinson et al., 1994). Similarly, repeated
stimulation with 2MeS-ADP resulted in desensitization of the
relaxing response in rat aorta, while UTP-induced relaxation
was not affected (Dol-Gleizes et al., 1999). Altogether, these
data reveal that P2Y1 receptors are more likely to undergo
homologous desensitization when compared with P2Y2
receptors, and that NTPDase1 plays a role in the protection of
the former receptor.

Thus, even if P2Y1 and P2Y2 receptors are both coupled to
Gq, they may display distinct desensitizing mechanisms.
Indeed, it was recently shown that P2Y1 receptors recruit the
G-protein-coupled receptor kinase-2 (GRK2), while P2Y2
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Figure 4 Nucleoside triphosphate diphosphohydrolase-1 (NTPDase1) differentially regulates the homologous desensitization of endothelial
P2Y1 and P2Y2 receptors. Panel (A) represents the sequence of the protocol. Entpd1+/+ and Entpd1-/- aortic rings were contracted with 30 nM
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receptors recruit GRK1 for their desensitization (Hoffmann
et al., 2008). Moreover, in endothelial cells, the effect of
2MeS-ATP (a P2Y1 agonist) on IP3 was significantly inhibited
after a short exposure to phorbol 12-myristate 13-acetate as
compared with the effect of UTP (a P2Y2 agonist), suggesting
that the P2Y1 receptor response was more sensitive to protein
kinase C (PKC)-dependent desensitization than that of P2Y2
receptors (Communi et al., 1995). Thus, sensitivity to PKC
probably also contributes to the difference in desensitization
of P2Y1 and P2Y2 receptors. Nevertheless, P2Y2 receptors did
show a weaker desensitization in comparison with that of
P2Y1 receptors, as its associated dependent relaxing effect was
only diminished by half after 10 mM ATP exposure (Figure 4).
Interestingly, NTPDase1 did not exert a protective effect on
P2Y2, as it did for P2Y1 receptors. It is noteworthy that this
high ATP concentration necessary for desensitization suggests
that such desensitization of P2Y2 receptors does not occur
in vivo.

In Entpd1-/- arteries, the accumulation of UTP and UDP at
the surface of VSMCs mediated a significant contraction
(Kauffenstein et al., 2009). The net effect of uracil nucleotides
resulted in a constriction in Entpd1-/- aortas instead of the
relaxation obtained in the same vessels in Entpd1+/+. For this
reason, it was not possible to use Entpd1-/- mice in this model
to study the role of NTPDase1 on the function of endothelial
P2Y6 receptors, which have been proposed to mediate UDP-
and a part of UTP-dependent relaxation (Bar et al., 2008). This
apparent greater contribution of NTPDase1 to vasoconstric-
tion in vitro is likely to be linked to the smaller intercellular
space and the slower diffusion in the multi-layer-organized
VSMCs, favouring the exposure of nucleotides to ectonucle-
otidases, limiting their effects. In our experimental model, the
exogenous nucleotides had free access to both endothelial
cells and VSMCs. Therefore, the bioavailability of nucleotides
within smooth muscle would be strongly influenced by NTP-
Dase1 action, and the absence of this enzyme would have
more impact on VSMC activation (contraction) than on the
endothelial function (relaxation), as observed here. This
makes the full picture more complex to analyse, as P2Y1,
P2Y2 and P2Y6 receptors are all expressed by both endothelial
cells and VSMCs, making the bioavailability of nucleotides a
crucial factor in the regulation of the vascular tone.

Our results suggest that physio(patho)logical modulation of
NTPDase1 expression or activity in endothelial cells may dif-
ferently affect P2Y1, P2Y2, and probably other endothelial P2
receptor activation and the consequent relaxation. Hypoxia
was shown to dramatically increase NTPDase1 expression (Elt-
zschig et al., 2003). The increased endothelial nucleotidase
activity may diminish the potency of vasodilator effect of
nucleotides, and, as a consequence, increase vascular tone.
On the other hand, a reduced NTPDase1 activity has been
reported in inflammatory and oxidative environments
(Robson et al., 1997). We can speculate that moderate down-
regulation of NTPDase1 would facilitate P2 receptor activa-
tion, while a more profound drop in activity would lead to
P2Y1 receptor desensitization and a loss in nucleotide-
dependent relaxation. In considering NTPDase1 as a regulator
of vascular tone, it is important to integrate the contribution
of NTPDase1 at the surface of smooth muscles and endothe-
lial cells, because variations in the expression or the activity of

the enzyme will have an opposite effect on vascular tone
modulation, a drop in the activity enhancing the constrictor
effect of nucleotides and vice versa. The final outcome of
NTPDase1 modulation on vascular tone will depend on its
respective endothelial versus muscular expression, as well as
on the site of nucleotide release.

In conclusion, NTPDase1 constitutes the major ectoenzyme
hydrolysing extracellular nucleotides at the surface of the
vascular endothelium. Its absence allows a facilitated relax-
ation in vitro and a hypotensive effect in vivo, in response to
nucleotides. The enzyme prevents endothelial P2 receptor
overactivation and provides an efficient protection of P2Y1
receptors against desensitization. Endothelial P2Y2 receptors
exhibited a limited desensitization that was not affected by
NTPDase1 activity. In addition, Entpd1-/- mice provide a useful
model to highlight the predominant P2 receptors implicated
in particular vascular fields. Further work is required to
establish the in vivo relevance of such enzymatic control of
vascular tone, taking into consideration physio(patho)logical
conditions where the expression or activity of NTPDase1 is
modified.
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