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Abstract

Pulmonary vascular tone is modulated by nucleotides, but which P2 receptors mediate these actions is largely unclear. The
aim of this study, therefore, was to use subtype-selective antagonists to determine the roles of individual P2Y receptor sub-
types in nucleotide-evoked pulmonary vasodilation and vasoconstriction. Isometric tension was recorded from rat intrapul-
monary artery rings (i.d. 200-500 um) mounted on a wire myograph. Nucleotides evoked concentration- and endothelium-
dependent vasodilation of precontracted tissues, but the concentration—response curves were shallow and did not reach
a plateau. The selective P2Y, antagonist, AR-C118925XX, inhibited uridine 5'-triphosphate (UTP)- but not adenosine
5'-triphosphate (ATP)-evoked relaxation, whereas the P2Y receptor antagonist, MRS2578, had no effect on UTP but
inhibited relaxation elicited by uridine 5'-diphosphate (UDP). ATP-evoked relaxations were unaffected by the P2Y, recep-
tor antagonist, MRS2179, which substantially inhibited responses to adenosine 5'-diphosphate (ADP), and by the P2Y 55
receptor antagonist, cangrelor, which potentiated responses to ADP. Both agonists were unaffected by CGS1593, an adeno-
sine receptor antagonist. Finally, AR-C118925XX had no effect on vasoconstriction elicited by UTP or ATP at resting tone,
although P2Y, receptor mRNA was extracted from endothelium-denuded tissues using reverse transcription polymerase
chain reaction with specific oligonucleotide primers. In conclusion, UTP elicits pulmonary vasodilation via P2Y, receptors,
whereas UDP acts at P2Y and ADP at P2Y receptors, respectively. How ATP induces vasodilation is unclear, but it does
not involve P2Y,, P2Y,, P2Y,,, P2Y 3, or adenosine receptors. UTP- and ATP-evoked vasoconstriction was not mediated
by P2Y, receptors. Thus, this study advances our understanding of how nucleotides modulate pulmonary vascular tone.
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Abbreviations

95% cl  95% Confidence limits

ACh Acetylcholine

ADP Adenosine 5'-diphosphate
ATP Adenosine 5'-triphosphate
CRC Concentration-response curves

PE Phenylephrine
rIPA Rat isolated intrapulmonary artery
rTA Rat isolated tail artery

UDP  Uridine 5'-diphosphate
UTP Uridine 5'-triphosphate
Introduction

Adenosine 5'-triphosphate (ATP), uridine 5'-triphosphate
(UTP), adenosine 5'-diphosphate (ADP) and uridine
5'-diphosphate (UDP) modulate pulmonary vascular tone
in many species, including humans. For example, they all
elicited vasoconstriction [1-4] and ATP elicited vasodilation
[2, 5] in rat isolated pulmonary vascular bed and arteries.
Whilst P2X1 receptors contribute to the contractile action
of ATP [6, 7], the roles of individual P2Y receptor subtypes
in these actions are less clear.

It is important to know which subtypes are functionally
expressed because these nucleotides are endogenous ago-
nists that may contribute to the regulation of pulmonary
vascular tone under physiological and pathophysiological
conditions [8, 9]. For example, ATP present in and released
from red blood cells induces an NO-dependent decrease in
pulmonary vascular resistance [10, 11]. Also, extracellular
ATP levels are elevated in chronic obstructive pulmonary
disease [12], and ADP-induced pulmonary vasodilation is
reduced in these patients [13]. In addition, acute hypoxic
pulmonary vasoconstriction was inhibited by suramin, a
broad spectrum P2X/P2Y receptor antagonist, in perfused
rabbit lungs [14] and by blocking P2Y, and P2Y |, receptors
in pigs in vivo [15]. Thus, targeting purinergic signalling
could provide a novel therapeutic approach for treating pul-
monary disorders.

A major reason for our poor understanding of the recep-
tors through which nucleotides act is the lack of potent and
selective competitive antagonists for most P2X and P2Y
receptor subtypes [16—19]. Where these have been devel-
oped, they have led to major advances in our understand-
ing of purinergic signalling. For example, selective P2Y,
antagonists, such as MRS2179, and P2Y,, antagonists, such
as ticagrelor, cangrelor, and clopidogrel, made major con-
tributions to the identification of the physiological role of
both receptor subtypes in platelet aggregation [20] and of
P2Y, receptors in gastrointestinal peristalsis [21]. By using
cangrelor, we revealed that P2Y |, receptors mediate part of
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the contractile action of ATP and the entire contraction to
ADP in rat pulmonary arteries [7], further demonstrating the
usefulness of selective antagonists.

Recently, AR-C118925XX, a potent, selective, and com-
petitive P2Y, receptor antagonist, became available [22-25],
and we found that it inhibited UTP-evoked responses in
human vascular endothelial cells [26]. The aim of this study,
therefore, was to use subtype-selective antagonists, such as
AR-C118925XX, to determine the roles of P2Y, receptors
and other subtypes in nucleotide-evoked pulmonary vasodi-
lation and vasoconstriction.

Methods and materials
Tissue preparation

The methods used conform to the ARRIVE guidelines
and meet the ethical requirements of Strathclyde Univer-
sity (https://www.strath.ac.uk/science/biomedicalresea
rchatstrathclyde/). Segments of rat intrapulmonary artery
(rIPA) [3] and rat tail artery (rTA) [27] were prepared for
in vitro recording as described previously. Briefly, male
Sprague—Dawley rats (200—450 g) were killed by cervical
dislocation, according to the schedule 1 guidelines. The
heart and lungs were removed en bloc and placed in a
cold buffer solution composed of (mM): NaCl 122, KCI
5, N-[2-hydroxyethyl] piperazine-N'-(2-ethanesulfonic
acid] (HEPES) 10, KH,PO, 0.5, NaH,PO, 0.5, MgCl,
1, glucose 11, CaCl, 1.8; titrated to pH 7.3 with NaOH
and bubbled with medical air (21% O,, 5% CO,, 74%
N,). The rIPA (internal diameter of 300-500 pm) was
dissected out, cleaned of connective tissue, and cut into
rings ~5 mm long. When appropriate, the endothelium
was removed by carefully passing a thread or human hair
through the lumen. Segments of rTA (internal diameter
of 300-500 pm, 5 mm long) were prepared in the same
way. Artery rings were mounted horizontally in a static
flow, 1 ml organ bath on a pair of intraluminal stainless-
steel wires and bathed in the HEPES-based buffer solu-
tion, which was continuously bubbled by pumping atmos-
pheric air into the solution (78% N,, 21% O,, and 0.4%
CO,). Tissues were equilibrated under a resting tension
of 0.5 g (rIPA) or 1 g (1TA) at 37 °C for 60 min and then
exposed twice to isotonic 40 mM KCI solution (whole
bath replacement) for 5 min, 30 min apart, to verify their
integrity. Tissue tension was recorded by Grass FT03
isometric force transducers (Grass Instruments, Quincy,
MA) connected to a PowerLab/4e system using Chart 5
software (ADInstruments Ltd., UK). Drugs were added
directly to the organ bath and washed out by replacement
with a drug-free solution.
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Experimental protocols—vasodilation

Tissues were first contracted with phenylephrine (PE)
(0.1 uM) and when the tension had reached a plateau, ace-
tylcholine (ACh) (10 uM) was applied to assess the presence
of the endothelium. After washing out the drugs, tension
returned to baseline and the tissue was again contracted with
PE (0.1 pM) to enable nucleotide-induced vasodilation to be
investigated. Initially, concentration-response curves (CRC)
to UTP, ATP, UDP, and ADP were generated by the cumula-
tive addition of the agonists. The amplitude of the relaxation
evoked by each concentration was calculated as a percentage
of the peak amplitude of the PE-evoked contraction. CRC
was analysed using nonlinear regression by fitting the Hill
equation to the data.

Single agonist concentrations that were on the ascending
portions of the CRC were then used in subsequent experi-
ments (3 uM for UTP and UDP and 10 uM for ATP and
ADP). Initially, the reproducibility of relaxations evoked
in endothelium-intact tissues was determined by adding
one of the nucleotides twice, 30 min apart. The role of the
endothelium was also investigated in separate tissues. Its
physical removal was first confirmed by loss of relaxation to
ACh (10 pM), and a nucleotide was then added once. These
nucleotide-evoked responses obtained in the absence of
endothelium and the second response produced in the pres-
ence of endothelium were compared with the first response
in the presence of endothelium using one-way ANOVA with
Dunnett’s correction.

To investigate the role of individual receptor subtypes, an
agonist was applied twice, 30 min apart, to PE-contracted
arteries. Once the first control response had been obtained,
the tissue was incubated with an antagonist for 20 min before
the second addition. For each response, the peak relaxa-
tion amplitude was calculated as a percentage of the PE-
induced tension and the two values were compared using
the Student’s paired -test. Control experiments showed
that PE-evoked contractions were reproducible, as when PE
was added twice, 30 min apart, the second response was
101.2+£2.2% of the first (n=24). Off-target effects of the
antagonists on muscle contractility were assessed by com-
paring the peak amplitude of the PE-evoked contractions
in mg in the absence and presence of the antagonist using
Student’s paired ¢-test.

Experimental protocols—vasoconstriction

Nucleotide-evoked concentration-contraction curves in rIPA
and rTA do not reach a plateau, so equi-effective concentra-
tions of ATP and UTP (300 pM for rIPA [3, 4] and 1 mM
for rTA, [27, 28]), were used and applied at 30 min inter-
vals to arteries at baseline tone. Preliminary experiments

found that this protocol elicited reproducible contractions
of rIPA when the endothelium was intact but not when it
had been removed. Consequently, contractions of rIPA were
studied in the presence of the endothelium. In contrast,
nucleotide-evoked contractions of rTA were reproducible
in both endothelium-intact and -denuded tissues, so to limit
the influence of the endothelium, contractions of the rTA
were studied in its absence.

To investigate the effect of AR-C118925XX, control con-
tractions to UTP or ATP were obtained. The tissue was then
incubated with the antagonist for 20 min before UTP or ATP
were reapplied. The peak contraction amplitude was meas-
ured and the values obtained in the absence and presence of
AR-C118925XX and expressed in mg were compared using
the Student’s paired #-test.

P2Y, receptor mRNA expression

The expression of P2Y, receptor mRNA in endothelium-
denuded rIPA was investigated as described previously
[7]. Briefly, total RNA was prepared from endothelium-
denuded IPA of 11 rats (wet tissue weight=146.6 mg)
using a Total RNeasy Midi kit (Qiagen, CA, USA), accord-
ing to the manufacturer’s protocol. The RNA concentration
(42.5 pg/100 pl) was determined spectrophotometrically
using a GeneQuant I RNA/DNA calculator (Pharmacia).
cDNA was then synthesised using 5 pg RNA and 200 units
of SuperScript III reverse transcriptase (Invitrogen) and
added to a HotStarTaq DNA polymerase (Qiagen) PCR
reaction mix containing 10 pmol/pl of primers designed
to selectively recognise P2Y, receptors (forward 5'-GGG
ACGAACTGGGTTACAAATGTC-3', reverse 5'-GGTGTG
GCAACTGAGGTCAAG-3") MWG-Biotech). The mix was
placed in a DNA Thermal Cycler (Perkin Elmer, UK), and
the following protocol was applied: 10 min at 95 °C followed
by 35 cycles of 90 s at 95 °C, 30 s at 52 °C, 90 s at 68 °C,
and a final extension step of 10 min at 68 °C. PCR products
were separated on a 1.5% w/v agarose gel and visualised
by ethidium bromide staining. The bands were then puri-
fied and the sequence was confirmed using a BigDye v3.1
Terminator Cycle Sequencing Kit (Applied Biosystems,
Warrington, UK) and an Applied Biosystems 3100 Avant
Genetic Analyser.

Data analysis

Data are shown as mean + S.E.M or geometric mean with
95% confidence limits (95% cl) for ECs, values. They were
analysed statistically as indicated in the protocols above
using GraphPad Prism v7.01 (GraphPad Software, San
Diego, CA, USA). Differences were considered statistically
significant when P <0.05.
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Drugs, materials, and solutions

ATP (Na, salt), ADP (Na salt), UTP (Na;(H,0), salt), UDP
(Na salt), phenylephrine hydrochloride, and acetylcho-
line chloride (all Sigma-Aldrich Co, Gillingham, Dorset,
UK), MRS2179 (Na, salt) (Tocris, Bristol, UK), cangre-
lor (a generous gift from The Medicines Company, USA),
and suramin hexasodium (RBI, USA) were dissolved in
deionised water as 1-, 10-, or 100-mM stock solutions, as
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Fig. 1 Nucleotides elicit vasodilation of precontracted rIPA. a
The trace shows typical relaxations of PE (0.1 uM)-precontracted,
endothelium-intact rIPA induced by UTP, added cumulatively as indi-
cated by the horizontal bar (PE) and vertical arrows (UTP). b The
mean peak amplitude of relaxations evoked by cumulative addition
of UTP, ATP, UDP, and ADP on PE (0.1 uM) pre-contracted rIPA is
shown. Data are expressed as a percentage of the contraction evoked
by PE. Vertical lines indicate S.E.M. n=7 UTP, UDP; n=6 ATP,
ADP
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appropriate. AR-C118925XX, MRS2578, and CGS15943
(all Tocris, Bristol, UK) were dissolved in DMSO as 10 mM
stocks. All were frozen immediately and stored at — 20 °C,
then diluted in a buffer on the day of use. Common chemi-
cals were supplied by Sigma-Aldrich Co., Fisher Scientific
UK (Loughborough, UK) and VWR International, (Lutter-
worth, UK) and were of the highest purity available. Isotonic
40 mM K" solution was prepared by replacing NaCl in the
HEPES-based buffer solution with an equimolar amount of
KCI to maintain the osmolarity of the solution.

Results

Nucleotides evoke endothelium-dependent
vasodilation at raised tone

The aim of the initial experiments was to determine the
potencies of the nucleotides in inducing vasodilation of
the rIPA by constructing CRC. Following precontraction
by PE (0.1 uM), UTP, ATP, UDP (0.1-30 uM), and ADP
(0.1-300 puM) elicited concentration-dependent relaxa-
tion (Fig. 1a, b). In general, however, the relaxations were
not maintained and higher concentrations (30-300 uM) of
UTP, ATP, and UDP, but not ADP, tended to evoke biphasic
responses, with contractions quickly following the vasodila-
tion. Consequently, a plateau in the CRC was not reached.
The goodness of fit (%) of the Hill equation to the data was,
on the whole, poor, the CRC slopes generated were all shal-
low and the upper limits for the ECs, values of ATP and
UDP could not be calculated (not shown). Together, these
issues meant that agonist CRC was not a reliable tool with
which to characterise the effects of antagonists. Therefore,
single concentrations of the nucleotides that were on the
ascending portions of the CRC were selected to be used in
the subsequent experiments (3 uM for UTP and UDP and
10 uM for ATP and ADP).

Under these conditions, the nucleotides evoked relaxa-
tions of endothelium-intact rIPA (Fig. 2a) that were repro-
ducible (Fig. 2b—e), as when added twice, 30 min apart, there
was no difference in the mean amplitude of the responses,
the second being 106.4 +6.0% (UTP), 103.9+5.1% (ATP),
95.7+2.8% (UDP), and 103.8 +3.6% (ADP) of that of the
first (n=6 each). ACh (10 uM) also relaxed these tissues by
86.1 £2.1% of the peak amplitude of the contraction evoked
by PE (n=24). In endothelium-denuded tissues, the relaxa-
tions elicited by the nucleotides were ~10-25% of those
produced in endothelium-intact tissues (Fig. 2a—e) (P <0.01
for UTP and ADP and P <0.0001 for ATP and UDP) and
response to ACh was virtually abolished (1.7+0.7% and
n=12, P<0.0001). Thus, nucleotides evoked reproducible
relaxations of rIPA that were largely dependent upon an
intact endothelial layer.
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Fig. 2 Nucleotide-induced
vasodilatation of rIPA is
reproducible and endothelium-
dependent. a The traces show
typical relaxations of PE

(0.1 uM) pre-contracted rIPA
induced by UTP (3 uM) in the
presence (left-hand side) and
absence (right-hand side) of
an intact endothelium. PE and
UTP were added as indicated by
the horizontal bars. The mean
peak amplitude of relaxations
evoked by b UTP (3 uM), ¢
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Effects of AR-C118925XX on UTP- and ATP-induced
vasodilation

Next, the role of P2Y, receptors in the relaxations evoked by
UTP and ATP was determined using the selective antagonist,
AR-C118925XX, at a concentration (1 uM) that is 270 times
greater than its Ky at P2Y, receptors (3.7 nM) [26]. When
preincubated with the tissue for 20 min, AR-C118925XX

+end 2nd

-end +end 1st +end 2nd -end

(1 uM) had no effect on the basal tone of the rIPA or on con-
tractions evoked by PE (0.1 uM) (102.6 +2.1% of control,
n=12). However, it significantly reduced the vasodilation
induced by UTP (3 uM) by 59.2 +3.4% (n=06) (Fig. 3a),
while having no effect on responses to ATP (10 uM)
(102.9 +4.3% of control, n==6) (Fig. 3b). Thus, P2Y, recep-
tors contribute substantially to the vasodilatation of the rIPA
evoked by UTP, but not ATP.
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Effects of MRS2578 on UTP- and UDP-induced
vasodilation

UTP can stimulate P2Y receptors, although it is much less
potent than UDP [29, 30], and may also act indirectly after
dephosphorylation by ectonucleotidases to UDP [29]. There-
fore, we investigated the effects of the noncompetitive P2Y
receptor antagonist, MRS2578 (1 uM), a concentration that
is ten times higher than the IC5, (98 nM) obtained at the
P2Y receptor expressed in 1321N1 astrocytoma cells [31].
MRS2578 (1 uM) had no effect on the basal tone of the rIPA,
but it slightly inhibited the contractions evoked by PE (0.1 uM)
(92.8+1.9% of control, n=12, P <0.05). Whilst MRS2578
had no effect on the relaxations evoked by UTP (3 uM)
(102.5 £5.0% of control, n=6) (Fig. 3c), it reduced those
induced by UDP (3 uM) by 44.8+12.1%, n=6, P<0.01)
(Fig. 3d). Thus, UDP, but not UTP, acts at P2Y ¢ receptors to
elicit vasodilation of the rIPA.

Effects of MRS2179 on ATP- and ADP-induced
vasodilation

ATP is a potent P2Y, receptor agonist and the lack of effect
of AR-C118925XX on ATP-induced vasodilation was a

@ Springer

surprise, so roles for other adenine-nucleotide-sensitive P2Y
subtypes were investigated. First, the effects of the selective
P2Y, receptor antagonist, MRS2179 (10 uM), which is 100
times higher than its Ky at P2Y, receptors (100 nM) [32],
were determined. MRS2179 (10 uM) had no effect on the
basal tone of the rIPA, but it slightly inhibited the contrac-
tions evoked by PE (0.1 uM) (92.0+0.9% of control and
n=12, P<0.01). It also had no effect on the relaxations
produced by ATP (10 uM) (104.5 £6.5% of control n=06)
(Fig. 4a), but it significantly reduced those evoked by ADP
(10 uM) by 53.8 +£10.0% and n=6, P<0.01) (Fig. 4b).
Thus, ADP, but not ATP, acts through P2Y, receptors to
induce vasodilation of the rIPA.

Effects of cangrelor on ATP- and ADP-induced
vasodilation

Next, the effects of cangrelor, an antagonist with low/sub-
nM potency at P2Y,, [33-35] and P2Y 5 [36, 37] recep-
tors, were investigated. Cangrelor (1 uM) had no effect on
the basal tone, the contractions evoked by PE (0.1 puM)
(103.3+4.1% of control and n=12) or the relaxations
evoked by ATP (10 uM) (104 + 8.3% of control and n=6)
(Fig. 4c). However, it significantly increased the amplitude
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of the relaxations evoked by ADP (10 uM) by 37.0+6.6%
(n=6, P<0.01) (Fig. 4d). This shows that neither ATP
nor ADP induce vasodilatation through P2Y, or P2Y ;
receptors.

The role of adenosine in ATP- and ADP-induced
vasodilation

Finally, extracellular ATP and ADP can be progressively
dephosphorylated by ectonucleotidases to adenosine,

which can act at P1 receptors to elicit vasodilation [38—40].
The role of this mechanism was investigated using the
potent P1 receptor antagonist, CGS15943, at a concentra-
tion (1 uM) that substantially blocks P1 receptors [41-43].
CGS15943 (1 uM) had no effect on the basal tone of the
rIPA but reduced the contractions evoked by PE (0.1 uM)
to 49.2 +4.4% of control (n=7 and P <0.0001). In con-
trast, relaxations evoked by ATP (10 uM) (105.5 +8.8% of
control and n=4) (Fig. 4e) or ADP (10 uM) (98.4+13.5%
of control and n=3) (Fig. 4f) were unaffected, so neither
ATP nor ADP act via P1 receptors to induce vasodilation.
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Effects of suramin on vasodilation

4Finally, the nonselective P2 antagonist and suramin [17, 18,
44] were used to further characterise the P2Y receptor sub-
types through which the nucleotides might mediate vasodila-
tion of rIPA. Suramin (300 uM) had no effect on the basal
tone of the rIPA but reduced the contractions evoked by PE
(0.1 uM) to 88.1+2.0% of control (n=24 and P <0.0001).
It also significantly reduced the relaxations evoked by ATP
(10 uM) by 33.1+8.0% (n=6 and P <0.05) (Fig. 5a) and
by ADP (10 uM) by 36.0+7.8% (n=06, P <0.01) (Fig. 5b),
but had no effect on responses to UTP (3 uM) (99.5+8.2%
of control and n=6) (Fig. 5¢) or UDP (3 uM) (105.3+5.7%
of control and n=06) (Fig. 5d).

Effects of AR-C118925XX on UTP- and ATP-induced
contractions

We previously showed that UTP and ATP contracted the
rIPA with moderate potency and that their CRC did not reach
a maximum [3, 4]. Therefore, they were applied here at a
single, equi-effective concentration (300 uM). Preincubation
with AR-C118925XX (1 uM) for 20 min had no effect on the
basal tone or on the contractions evoked by UTP (91.8+2.9%

@ Springer

+suramin Control vd +suramin

control and n=6) (Fig. 6a, b) or ATP (93.5+9.2% control
and n=35) (Fig. 6¢). Thus, P2Y, receptors do not appear to
contribute to contractions of rIPA evoked by UTP and ATP.

This lack of effect of AR-C118925XX was unexpected, so
its actions were studied in the rTA, a systemic artery where
UTP and ATP also evoke vasoconstriction [27, 28, 45]. In
addition, a higher concentration of antagonists was used to
produce an even greater level of P2Y, receptor blockade.
However, even at 10 uM, AR-C118925XX had no effect on
the contractions evoked by UTP (1 mM) (101.3+4.6% of
control and n="6) (Fig. 7a, b) or ATP (1 mM) (108.8 +9.0%
of control and n=6) (Fig. 7c). Thus, P2Y, receptors do not
appear to contribute to UTP- or ATP-evoked contractions of
the rTA artery either.

P2Y, receptor expression

We have previously reported the presence of P2Y |, P2Y,
and P2Y,, mRNA in rIPA [7], and here we investigated
the expression of P2Y, mRNA. After extracting total RNA
from endothelium-denuded rIPA, followed by RT-PCR
with specific primers, a single band of the predicted size
of the P2Y, receptor was apparent (Fig. 8), and its identity
was confirmed by sequencing.
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Fig.6 AR-C118925XX has no effect on contractions of the rIPA » a) Control

evoked by UTP and ATP. a The superimposed traces show typical \
contractions of endothelium-intact rIPA evoked by UTP (300 uM)

in the absence and presence of AR-C118925XX (1 uM). UTP was

added as indicated by the horizontal bar. The mean peak amplitude of

contractions evoked by b UTP (300 uM) and ¢ ATP (300 uM) in the 50 m g

absence and presence of AR-C118925XX (1 uM) is shown. Vertical |

lines indicate S.EM. n=6 UTP, n=5 ATP
1 min

Discussion

This study showed that adenine and uridine nucleo-
tides elicit endothelium-dependent relaxation of the
rIPA. By using the potent and selective antagonist, AR-
C118925XX, we found that UTP, but not ATP, acted via
P2Y, receptors. Other P2Y subtype-selective antagonists UTP (300 pM)
identified P2Y and P2Y receptors as sites of action of

ADP and UDP, respectively. The mode of action of ATP b) uUTP

is unclear but does not involve P2Y,, P2Y,, P2Y ,, P2Y 3, 160 -

or adenosine receptors. Thus, pulmonary artery endothe-
lium expresses multiple P2Y receptor subtypes, but each Y
nucleotide targets a different receptor subtype to evoke
vasodilation. In addition, pulmonary artery P2Y, receptors
may be functionally restricted to the endothelium because
AR-C118925XX had no effect on contractions evoked by
UTP and ATP.
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Vasodilation of rIPA

In the present study, ATP, ADP, UTP, and UDP all evoked
concentration-dependent relaxation of rIPA, but the CRC
were shallow and did not reach a plateau. This can arise if
an agonist acts at more than one receptor and with different
potencies to produce its effect and/or if agonist concentration Control +AR-C118925
at the biophase next to the plasma membrane is not main-
tained due to the breakdown of the agonist by ecto-enzymes ATP
or its cellular uptake by transporters [46]. Consistent with
a role for agonist breakdown, knockout of CD39, an ecto-
enzyme that dephosphorylates extracellular tri- and diphos-
phate nucleotides [47], significantly potentiated contractions
of mouse aorta evoked by exogenous UDP and UTP and
greatly increased the slope of their CRC [48]. Ideally, the
pharmacological profile of an antagonist is determined by
generating agonist CRC in its absence and then the presence
and quantifying any rightwards shift of the CRC. But these
issues meant that this protocol could not be followed and so
single concentrations of the nucleotides were used instead.

The nucleotide-evoked relaxations of the rIPA were sub-
stantially reduced here upon removal of the endothelium,
consistent with previous reports in the rat pulmonary vas-
cular system [2, 5]. Endothelium-dependent vasodilation to
ATP and ADP has also been reported in pulmonary arteries
obtained from humans [13, 49, 50], ATP in dogs [51], and
ATP and UTP in rabbits [52, 53].
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Fig.7 AR-C118925XX has no effect on contractions of the rTA » a)
evoked by UTP and ATP. a The superimposed traces show typical
contractions of endothelium-intact rTA evoked by a UTP (1 mM)

in the absence and presence of AR-C118925XX (10 uM). UTP was

added as indicated by the horizontal bar. The mean peak amplitude

of contractions evoked by b UTP (1 mM) and ¢ ATP (1 mM) in the

absence and presence of AR-C118925XX (10 pM) is shown. Vertical

lines indicate S.E.M. n=6 each

+AR-C118925XX

~ (10um)

Control

Receptors mediating vasodilation to UTP and UDP

250 mg
In this study, AR-C118925XX inhibited UTP-evoked relaxa-
tion of rIPA by ~60%, showing that P2Y, receptors mediate
endothelium-dependent vasodilation. This is in line with ear- 1 min

lier studies where AR-C118925XX inhibited UTP-induced
relaxation of rat carotid artery [54] and associated endothe- UTP (1 mM)
lial signalling events, such as Ca** mobilisation [26, 55, 56]

and eNOS and Akt phosphorylation [57]. Similarly, P2Y, b) UTP
receptor knockdown reduced UTP-evoked Ca* mobilisation - 900+ —
in human endothelial cells [58]. The consequence of P2Y, E 800- —_— ——
receptor knockout is, however, more complicated, as it had Py
no effect on endothelium-dependent vasodilation of mouse 'g 7004
aorta induced by UTP [59] but abolished the relaxation of = 6004 ,7/
mouse coronary artery evoked by the selective P2Y, agonist g'
UTPyS [60]. A possible explanation is that in the absence « 500+
of P2Y, receptors, UTP can act at other P2Y subtypes to g
elicit vasodilation. 5 400 4
The AR-C118925XX-resistant component of UTP- © 300 -
evoked vasodilation in rIPA was not mediated by P2Y z
receptors, as the P2Y, antagonist, MRS2578, had no effect, 8 200 4
even though it inhibited UDP by ~45%. This result also indi- e~
cates that dephosphorylation of UTP by ectonucleotidases o 100+
to produce UDP does not contribute to its action. It is likely e 0 A
that P2Y receptors play an even greater role in the action Control +AR-C118925XX
of UDP, as the concentration of MRS2578 used, 1 uM, is
submaximal [31]. Higher concentrations were not applied c) 800 - ATP

because they can act at sites other than P2Y receptors [7]. = f——
Unexpectedly, the nonselective antagonist, suramin, was E_ 700 - —_—

ineffective against UTP, even though it is a P2Y, receptor g
antagonist [61]. P2Y,, receptors are suramin insensitive [61], 3 600+ %
so they could, in theory play a role in the antagonist-resistant —;
components of vasodilation, but a selective P2Y, receptor g 500+
antagonist is not currently available. Note, however, that ot
P2Y, receptor knockout had no effect on the endothelium- S 400 4
dependent relaxation of mouse aorta evoked by UTP or UDP ‘3
[62]. Nonetheless, the present experiments identify P2Y, g 300+
and P2Y receptors as mediators of endothelium-dependent <

oo o 2004
vasodilation in rIPA. o

- - 5 1004
Receptors mediating vasodilation to ATP and ADP g
. 2

In contrast to the inhibition of UTP, AR-C118925XX had Control +AR-C118925XX

no effect in this study on the relaxation of the rIPA evoked
by ATP. This was unexpected, as ATP is a potent P2Y,
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Fig.8 P2Y, receptor mRNA is
expressed in the rIPA. Agarose
gel electrophoresis of RT-PCR b

products from endothelium-
1500

denuded rIPA using oligonu-
cleotide primers specific for rat

800 -
600

P2Y, receptors is shown. This
400

yielded a band in the presence
of reverse transcriptase (lane 1),
but not in its absence (lane 2).
The markers on the left show
cDNA band size (base pairs)

Lane 1 2
RT + .

receptor agonist [16, 18] and P2Y, receptor knockout shifted
the relaxant CRC for ATP in the mouse aorta rightwards
and decreased the maximum response [59]. ATP is a par-
tial agonist at P2Y, receptors [63], but this subtype was not
involved, as the P2Y, antagonist, MRS2179, was also inef-
fective against ATP. This result also indicates that dephos-
phorylation of ATP by ectonucleotidases does not produce
enough ADP to stimulate P2Y, receptors here. MRS2179
also had no effect on ATP-induced, endothelium-dependent
vasodilation of the rat mesenteric bed [64] or mouse aorta
[62]. It is of interest to note, however, that the contribu-
tion of P2Y, receptors to the action of ATP in the aorta
was increased in P2Y, knockout mice [59], indicating that
it can play a role under some conditions. Finally, the lack of
inhibition by CGS1593 shows that adenosine receptors do
not contribute to relaxation evoked by adenine nucleotides.

Unlike the other antagonists, suramin did, however, sup-
press the ATP-induced relaxation of the rIPA, confirming
a role for P2 receptors, but its site of action is unclear. Of
the other ATP-sensitive P2Y subtypes, the P2Y, receptor
is suramin-insensitive and the P2Y, receptor, although
suramin-sensitive, is not expressed in rats [65]. Most P2X
receptor subtypes are not expressed in endothelial cells [66]
and although there is strong evidence that endothelial P2X4
receptors mediate vasodilation [67—69], this subtype has, at
most, very low sensitivity to suramin [19]. Thus, at present,
the receptor(s) through which ATP acts to cause vasodila-
tion of the r[PA remains uncertain. It is now clear that G
protein-coupled receptors, including P2Y receptors [70], can
interact to form dimeric or higher-ordered oligomeric com-
plexes with novel pharmacological and signalling properties,
so this might underlie the pharmacological profile of ATP’s
action in rIPA.

ADP-evoked relaxation of the r[PA was substantially
inhibited by MRS2179 and suramin, both of which block
P2Y, receptors [16, 18]. ADP also stimulates P2Y, and

P2Y 5 receptors, but the P2Y,, ; receptor antagonist, can-
grelor, potentiated rather than inhibited ADP-induced vaso-
dilation. This is likely due to inhibition of the counterac-
tive vasoconstriction induced by ADP via smooth muscle
P2Y ,,,5 receptors [7]. Like ATP, ADP was unaffected by
CGS1593. Together, these data indicate that P2Y, receptors
are the major site of relaxation of rIPA by ADP and that
P2Y,,15; and adenosine receptors are not involved.

Modulation of PE-induced vasoconstriction
by purinergic antagonists

In this study, several of the antagonists reduced the vasocon-
striction induced by PE, indicating that they may have off-
target inhibitory effects. This is consistent with a previous
report that MRS2578 reduced KCl-evoked contractions of
rIPA [7]. On the other hand, endogenous ATP, released from
vascular smooth muscle cells via pannexin-1 channels, has
been shown to contribute to a;-receptor-mediated vasocon-
striction [71-74]. Therefore, the inhibitory effect of suramin
against PE may be due to it inhibiting the contractile action
of released ATP, most likely at P2X1 receptors. In contrast,
the mechanisms underlying the large inhibitory action of
CGS15943 on PE-evoked contractions and also the small
suppression by MRS2179, are unclear.

Vasoconstriction of rIPA

In the present study, a high concentration of AR-C118925XX
(1 uM) had no effect on UTP- or ATP-evoked contractions of
rIPA, indicating no role for P2Y, receptors. Consistent with
this, knocking out P2Y, receptors had no effect on UTP-
evoked contractions of mouse coronary arteries [60]. Inter-
estingly, a tenfold higher concentration of AR-C118925XX
virtually abolished contractions of rat small pulmonary veins
induced by ATP [75]. The inactivity of AR-C118925XX in
the rIPA is unlikely to be because the concentration used was
too low, as it did inhibit UTP-evoked vasodilation. In addi-
tion, 10 uM AR-C118925XX had no effect here on UTP- or
ATP-evoked contractions of the rTA.

The lack of effect of AR-C118925XX against ATP in
the rIPA supports our earlier data, which showed that ATP
induced contraction via P2X1 and P2Y, receptors [7]. In
contrast, the site of action of UTP is unclear. We previously
reported that suramin reduced UTP-evoked contractions,
suggesting a role for P2Y, receptors [3]. Consistent with
this, we found P2Y, mRNA in the endothelium-denuded
rIPA. The lack of effect of AR-C118925XX indicates,
however, that other P2Y subtypes must be involved. P2Y,
receptors are unlikely to contribute, as the P2Y, agonist,
UDP-glucose, did not contract the rIPA [7]. UTP-evoked
contractions of the mouse aorta were unaffected by the
knockout of P2Y, receptors and abolished by P2Y; knockout
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[48], but pulmonary artery responses were not examined.
Heteromeric receptor complexes with novel pharmacologi-
cal properties might be involved [70].

Conclusion

This study showed that UTP, UDP, ATP, and ADP all evoked
endothelium-dependent vasodilation of the rIPA. UTP acted
predominantly at P2Y, receptors, whereas UDP acted via
P2Y receptors and ADP mainly via P2Y, receptors. The
site of action of ATP is unclear but does not involve P2Y |,
P2Y,, P2Y,, P2Y 3, or adenosine receptors. UTP and ATP
also produced vasoconstriction, which was unaffected by
AR-C118925XX, indicating that contractile P2Y, receptors
are not functionally expressed in rIPA vascular smooth mus-
cle. Together, these data represent the most detailed phar-
macological characterisation of the receptors that mediate
endothelium-dependent vasodilation of pulmonary arteries
and extend our understanding of the contractile purinergic
receptors.
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