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Background and purpose: lonotropic purinoreceptors (P2X) in renal vascular smooth muscle cells (RVSMCs) are involved in
mediating the sympathetic control and paracrine regulation of renal blood flow (RBF). Activation of P2X receptors elevates
[Ca?']; in RVSMCs triggering their contraction, leading to renal vasoconstriction and decrease of RBF. The goal of the present
work was to characterize the P2X receptor-mediated ionic current (lpx) and to identify the types of P2X receptors expressed
in myocytes isolated from interlobar and arcuate arteries of rat kidney.

Experimental approach: The expression of P2X receptors in isolated RVSMCs was analysed by reverse transcription (RT)-PCR.
Ir2x and membrane potential were recorded using the amphotericin B-perforated patch method.

Key results: RT-PCR analysis on single RVSMCs showed the presence of genes encoding P2X1 and P2X4 receptors. Under
voltage clamp conditions, the selective P2X receptor agonist a3-methylene ATP (c-meATP) evoked lp,x similar to that induced
by ATP. Under current clamp conditions, both ATP and of3-meATP evoked a spike-like membrane depolarization followed by a
sustained depolarization, linking P2X receptors in RVSMCs to sympathetic control of renal vascular tone. A selective antagonist
of P2X1 receptors, NF279, reduced lpox amplitude by ~65% concentration-dependently manner within the nanomolar to
sub-micromolar range. The residual current was resistant to micromolar concentrations of NF279, but was inhibited by
sub-millimolar to millimolar concentrations of NF279.

Conclusions and implications: Two types of functional P2X receptors, monomeric P2X1 and heteromeric P2X1/4 receptors,
are expressed in RVSMCs. Our study has identified important targets for possible pharmacological intervention in the
sympathetic control of renal circulation.
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of-meATP, of-methylene-adenosine  5’-triphosphate;  GFR, glomerular filtration rate; NF279,
8,8’-(carbonylbis(imino-4,1-phenylenecarbonylimino-4,1-phenylenecarbonyl-imino)) bis(1,3,5-naphthalene-
trisulphonic  acid);  NF449, 4,4,4”,4"”-(carbonylbis  (imino-5,1,3-benzenetriylbis-(carbonylimino)))
tetrakisbenzene-1,3-disulphonic acid; RBF, renal blood flow; RSNA, renal sympathetic nerve activity; RT-PCR,
reverse transcription—-PCR; RVSMC, renal vascular smooth muscle cell; SM-MHC, smooth muscle myosin heavy
chain

Abbreviations:

Introduction

Vascular smooth muscle tone is primarily regulated by the
level of the intracellular Ca*: increased intracellular Ca*
concentration ([Ca*];) leads to calmodulin-dependent
phosphorylation of the myosin light chain, and thus, the
development of force and contraction of the myocyte
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(Walsh, 1994). Two major co-transmitters ATP and norad-
renaline contribute to the sympathetically mediated vaso-
constriction of small arteries (Wier et al., 2009). Ionotropic
purinoreceptors (P2X) (nomenclature follows Alexander
et al., 2009) for ATP are ligand-gated cation channels, widely
expressed in vasculature (Ralevic, 2009). Their activation
following sympathetic nerve stimulation or selective agonist
application leads to vasoconstriction, reduction of blood
flow and an increase in blood pressure (Ralevic and
Burnstock, 1991).

In the kidney, apart from being released as a co-transmitter
from sympathetic nerve terminals, ATP is released by apical
macula densa cells in response to an increase of NaCl
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concentration in the distal tubular fluid (Bell et al., 2003;
Komlosi et al., 2006). An increase of ATP concentration in
renal cortical interstitial fluid (Nishiyama et al., 2000; 2001),
in turn, triggers P2X receptor-mediated vasoconstriction of
afferent arterioles (Inscho etal., 2003) and, as a result, a
decrease in renal blood flow (RBF) and glomerular filtration
rate (GFR). This tubuloglomerular feedback mechanism (Nish-
iyama et al., 2000; Nishiyama and Navar, 2002; Guan et al.,
2007a,b; Surprenant and North, 2009) and myogenic mecha-
nism are two important components of renal autoregulation:
an ability of the kidney to maintain a relatively constant RBF
and GFR despite fluctuations in arterial pressure (Cupples and
Braam, 2007). The faster myogenic mechanism (the inherent
ability of vascular myocytes to adjust vascular diameter by
rapid adjustment in tension in response to changes in trans-
mural pressure) is crucial for protecting renal glomeruli from
rapid elevations in arterial pressure (Cupples and Braam,
2007) and is considered to be the major contributor to auto-
regulatory resistance adjustments of the afferent arteriole and
upstream arterial segments (Guan et al., 2007a). The slower
tubuloglomerular feedback mechanism provides the means
for the fine control of glomerular haemodynamics by regulat-
ing terminal arteriolar resistance (Cupples and Braam, 2007;
Guan et al., 2007a).

From the therapeutic point of view, the importance of P2X
receptors is in mediating of substantial vasoconstrictor drive
which is resistant to adrenoceptor antagonists and calcium
channel blockers (Evans and Surprenant, 1992; Bao and
Stjarne, 1993; Galligan et al., 1995). Therefore, identification
of the P2X receptor types expressed in smooth muscle cells of
the resistance blood vessels and analysis of their pharmaco-
logical properties are a basis for the development of new
specific therapies for the treatment of hypertension and other
pathological conditions induced by elevated vascular tone.

Since the discovery of purinergic neurotransmission by
Burnstock (1972), seven subunits of the P2X receptor family
have been identified (P2X1-P2X7), each of them coded by a
distinct gene (North, 2002). These subunits can be assembled
in various configurations to form homomeric or heteromeric
channels (Torres et al., 1999). The functional P2X receptors
are likely to be composed of three subunits (North and Verkh-
ratsky, 2006). While the distribution and properties of P2X
receptors in the nervous system have been extensively studied
(North, 2002; North and Verkhratsky, 2006), only a few
studies have analysed the pharmacological properties of the
P2X receptor-mediated current in vascular smooth muscle
cells (Evans and Surprenant, 1992; Loirand and Pacaud, 1995;
Cario-Toumaniantz et al., 1998; Lewis and Evans, 2000).
Many studies of P2X receptors in vasculature are limited to
the immunohistochemical identification of the P2X receptor
protein distribution in the vascular wall (Chan et al., 1998;
Lewis and Evans, 2001; Turner et al., 2003), which does not
allow for the detection of the heteromeric P2X receptors and
does not elucidate the pharmacological properties of endog-
enous P2X receptors expressed in vascular smooth muscle
cells.

The expression of P2X receptors in renal vasculature has
been identified mostly using immunohistochemical labelling.
In this way, the P2X1 receptor was detected in pre-glomerular
arteries and afferent arterioles (Chan et al., 1998; Lewis and
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Evans, 2001; Turner et al., 2003), while P2X2 and P2X5 were
barely detected in small arteries (Lewis and Evans, 2001), and
P2X4 and P2X7 receptors were detected in small and medium
arteries (Lewis and Evans, 2001). To our knowledge, there is
no study on renal vascular smooth muscle cells (RVSMCs) in
which the expression of the genes for functional P2X recep-
tors and the pharmacological properties of P2X receptor-
mediated ionic current were examined. Therefore, in this
study, we focused on the analysis of the expression of the
genes encoding P2X receptors in single smooth muscle cells
freshly isolated from interlobar and arcuate arteries of rat
kidney and of pharmacological and biophysical properties of
the P2X receptor-mediated ionic currents in these myocytes.
A preliminary account of this study was previously published
in abstract form (Harhun et al., 2009)

Methods

Cell Preparation

All animal care and experimental procedures were in accor-
dance with the UK Animals Scientific Procedures Act 1986.
Interlobar and arcuate arteries were microdissected from rat
kidney as previously described (Gordienko et al., 1994). Male
Wistar Kyoto rats (180-250 g, 35 animals obtained from
Charles Rivers laboratories, Margate, UK) were humanely
killed by cervical dislocation followed by exsanguination. Fol-
lowing the dissection, the vessels were cleaned of adherent
connective tissues. Single RVSMCs were obtained by enzy-
matic dispersion (Harhun et al., 2004; 2006) and allowed to
settle down in experimental chambers in physiological saline
solution (PSS, in mmol-L": KCI, 6; NaCl, 120; MgCl,, 1.2;
CaCl,, 1.0; D-glucose, 10; and HEPES, 10; pH was adjusted to
7.3 with NaOH). RVSMCs then were either collected for
reverse transcription (RT)-PCR experiments or used in patch
clamp experiments within 6 h of isolation.

RT-PCR analysis

For the RT-PCR, single RVSMCs (pool of ~500 cells per
sample) were collected under the microscope (Axiovert 100M,
Carl Zeiss Ltd, Oberkochen, Germany) using a wide-bore glass
micropipette pipette attached to a micromanipulator and
frozen on dry ice immediately after collection. Total RNA was
extracted using the Qiagen RNeasy extraction kit (Qiagen,
Crawley, UK). cDNA was obtained using Superscript II Reverse
Transcriptase (Invitrogen, Paisley, UK) and used in PCR. cDNA
was used as a template in a 50 mL PCR reaction containing
1.5 mmol-L™" MgCl,, 0.2 mmol-L"! deoxynucleoside triphos-
phates, 0.2 mmol-L™ forward and reverse primers (Invitrogen)
and 2.5 units of platinum Taq DNA polymerase (Invitrogen).
Amplification was performed according to the following
schedule using a Techne Thermocycler (Bibby Scientific Ltd,
Stone, UK): 94°C for 2 min; 40 cycles of 94°C for 30 s; 57°C for
60s; and 72°C for 3 min, followed by a final elongation
period of 10 min at 72°C. No-template control PCR was also
performed simultaneously with every reaction. Primers were
designed so that they spanned at least one intron of the
genomic sequence to avoid detecting genomic DNA contami-
nation. The experiments were repeated four times with



samples of RVSMCs from different animals. The primers were
designed to amplify the genes encoding proteins of interest.
The purity of the sample of RVSMCs collected for RT-PCR
analysis was confirmed by the expression of the gene encod-
ing the smooth muscle cell marker, smooth muscle myosin
heavy chain (SM-MHC), but not the markers for other cell
types present in the vascular wall such as: fibroblasts and
endothelial cells (CD34), neurons (PGP9.5) and pericytes
(NG2). The PCR products were separated and visualized in
ethidium bromide-stained 2% agarose gel by electrophoresis.

The following primers were used in these experiments (the
following data are shown in brackets: GeneBank accession
number, the sense bordering nucleotide position and the anti-
sense bordering nucleotide position): B-actin (NM_031144,
306-325 and 1007-1026), SM-MHC for SMCs (Yoshida and
Owens, 2005) (X16262, 447-466 and 1182-1191), CD34 for
endothelial cells and fibroblasts (Vanderwinden et al., 1999)
(XM_223083, 218-237 and 1050-1069), PGP9.5 for neurons
(Wilkinson et al., 1989) (D10699, 54-73 and 544-563), NG2
proteoglycan for pericytes (Hughes and Chan-Ling, 2004)
(NM_031022, 1815-1834 and 2791-2810), P2X1 receptor
(NM_012997, 309-328 and 1119-1138), P2X2 (NM_053656,
603-622 and 1590-1609) P2X3 (NM_031075, 217-236 and
1215-1234), P2X4 (NM_031594, 356-375 and 1061-1080),
P2X5 (NM_080780, 360-379 and 1335-1354) and P2X7
(NM_019256, 610-629 and 1563-1582).

Electrophysiological recordings

Electrical recordings were made in PSS using the amphotericin
B-perforated patch tight-seal whole-cell recording technique
in voltage clamp or current clamp modes. The fire-polished
patch pipettes had a free-tip resistance of 4-5 MOhm when
filled with pipette solution of the following composition
(mmol-L™"): KCl, 115; NaCl, 6; HEPES, 10; pH adjusted to 7.3
with KOH. Prior to the experiment, the pipette solution was
supplemented with amphotericin B (200 mg-mL™). When the
properties of Iyox were examined (Figures 3-6), to eliminate
the possible contribution of the current through potassium
channels to the whole-cell current records, K* was equimo-
larly replaced with Cs* in both external and pipette solutions.
ATP and of-meATP were applied by 2 s pulses through a glass
micropipette (located within 100 um of the cell surface) con-
nected to a pressure ejector PicoSpritzer III (Intracel, Shepreth,
UK). The electrical signals were recorded using an Axopatch
200A patch clamp amplifier (Axon Instruments, Foster City,
CA, USA). Electrical signals were generated and digitized at
1 kHz using a Digidata 1200 hosted by a PC running pClamp
6.0 software (Axon Instruments). Voltage clamp experiments
were carried out at a holding potential of —-60 mV at room
temperature (21-24°C). Data were analysed and plotted using
MicroCal Origin and CorelDraw software.

Statistical analysis

All data are presented as mean * SEM with the number of
cells shown for data points obtained from at least three
animals. Comparative analysis of the data was performed
using the Student’s f-test.
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Materials

The RNA extraction kit was purchased from Qiagen; the
primers and other reagents for RT-PCR experiments were
purchased from Invitrogen. The rest of the reagents were
purchased from Sigma-Aldrich (Poole,UK) with the exception
of NF279 and NF449 which were purchased from Tocris
(Bristol, UK).

Results

Isolated RVSMs express genes encoding P2X1 and P2X4

receptors

To determine the expression of genes encoding P2X receptor
subunits in RVSMCs, the RT-PCR experiments were per-
formed on cDNA obtained from single isolated myocytes
(~500 cells for each RT-PCR run) manually collected under
the microscope. Even though only those cells with a distinct
smooth muscle cell morphology were collected in these
experiments, to ensure the purity of each sample, the prepa-
rations were tested for the presence of the smooth muscle cell
marker, as well as for the markers for other cell types which
normally occur in the blood vessel wall, such as fibroblasts,
endothelial cells, neurons and pericytes (see Methods). Only
those preparations, which showed the expression of the gene
encoding SM-MHC (a smooth muscle cell marker), but not
the markers for other cell types (Figure 1A) were used for
detection of the expression of genes encoding P2X receptor
proteins: P2X1-P2X5 and P2X7. As several previous studies
on immunodetection of P2X receptor proteins demonstrated
that the P2X6 receptor is not expressed in renal vasculature
(Lewis and Evans, 2001; Guan et al., 2007a,b), the expression
of the gene encoding this protein was excluded from the
analysis. We found that RVSMCs express genes encoding
P2X1 and P2X4 receptors, but not P2X2, P2X3, P2X5 or P2X7
receptor proteins (Figure 1B).

ATP and off-meATP evoke similar electrical events in RVSMCs

In PSS under whole-cell voltage clamp conditions at a holding
potential of -60 mV, a 2 s application of 10 uM ATP evoked a
rapidly activating inward current with an average peak
current density of 82 = 8 pA-pF! (n = 7). After reaching the
peak, the current started to desensitize before termination of
the drug application (Figure 2Aa). Under current clamp con-
ditions, the application of ATP evoked a biphasic depolariza-
tion: (i) an initial spike-like depolarization was followed by (ii)
a sustained component during which the cell membrane
potential slowly recovered towards the resting level
(Figure 2Ab). To test whether these ATP-evoked electrical
events were mediated by P2X receptors, the action of a potent
selective P2X receptor agonist, o3-meATP (Bo and Burnstock,
1995) on the whole-cell membrane current, and membrane
potential was examined and compared with that of ATP.
Under the same experimental conditions, application of
10 uM of-meATP evoked an inward current with similar
kinetics and peak amplitude (mean peak current density of
112 = 27 pA-pF!, n = 5) (Figure 2Ba) and similar biphasic
changes in the RVSMC membrane potential (Figure 2Bb) as
ATP. These data strongly suggest that the ATP-evoked inward
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Figure 1 RT-PCR analysis of P2X receptor expression in RVSMCs
from rat renal resistance arteries. (A) The purity of the preparation
was verified using primers designed to amplify genes encoding the
markers for certain cell types which can be found in blood vessel:
SM-MHC (745 bp) for smooth muscle cells, CD34 (852 bp) for fibro-
blasts and endothelial cells, PGP9.5 (510 bp) for neurons, NG2
(996 bp) for pericytes. As a positive control, primers for B-actin
(721 bp) were used. Primers were tested for their specificity using
cDNA preparations from a mixture of rat brain and liver tissue (Aa).
The RVSMCs preparation showed expression of genes encoding
B-actin and SM-MHC only. (Ab). (B) Primers designed to amplify
genes encoding P2X receptors sub-types: P2X1 (830 bp), P2X2
(1007 bp), P2X3 (1018), P2X4 (725 bp), P2X5 (995 bp) and P2X7
(973 bp) were tested for their specificity using cDNA preparations of
rat brain and liver tissue (Ba) before using them with SMCs prepara-
tions (Bb). RVSMCs were found to express genes encoding only two
types of P2X receptor proteins: P2X1 and P2X4.

current is mediated by P2X receptors and that activation of
this current induces depolarization of the RVSMC membrane.
On a number of occasions, the ‘outburst’ of outward current
was observed within 5 s after the peak of the inward current
(data not shown).

Properties of Ip,x in RVSMCs
Taking into account that activation of P2X receptors by either
ATP or of-meATP led to an abrupt increase of [Ca*]; in
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RVSMCs (Harhun et al., 2009), this outward current, as well as
spontaneous transient hyperpolarizations observed in the
background of the sustained membrane depolarization
(Figure 2Bb) may result from the burst opening of clusters of
high-conductance Ca®> = dependent K' channels (Benham
et al., 1986; Stehno-Bittel and Sturek, 1992). Therefore, in all
subsequent experiments, where the properties of P2X
receptor-mediated current were analysed, to eliminate the
contribution of potassium channel-mediated current to the
whole-cell current, K* was replaced by Cs' in both external
and pipette solutions. Under these conditions, a 2 s applica-
tion of 10 uM ATP evoked an inward current with an average
peak current density of 86 * 14 pA-pF' (n = 7) (Figure 3A).
The current reached its peak within 30-200 ms, and then
decayed before termination of the drug application. Applica-
tion of 10 uM of-meATP evoked a similar inward current with
an average peak current density of 111 = 5 pA-pF' (n = 123;
the electrical capacitance of the cell membrane was on
average 19.0 = 0.4 pF). Application of 10 uM UTP, which has
been reported to be less potent at P2X1 receptors than ATP in
rat tail artery myocytes (McLaren et al., 1998), evoked signifi-
cantly smaller currents (Figure 3A) with an average peak
current density of 3 = 2 pA-pF* (n = 7) in RVSMCs. Because
off-meATP is a more selective agonist of P2X receptors than
ATP (Gerdes et al., 1991), we used this compound to activate
In;x in all subsequent experiments.

To confirm further that the of-meATP-evoked inward
current is mediated by P2X1 receptors, the action of the
potent selective P2X1 receptor antagonists NF279 (Damer
et al., 1998; Rettinger et al., 2000) and NF449 (Rettinger et al.,
2005) on Ipx was tested (Figure 3Ba). Then, 2 nM of NF279
inhibited Ip,x by about 20% (n = 5), whereas the same con-
centration of NF449 suppressed Ip,x more strongly, by about
60% (n = 7) (Figure 3Bb). These data are consistent with the
higher potency of NF449 at P2X1 receptors (reported ICsq is 19
and 0.05 nM for NF279 and NF449, respectively) (Rettinger
et al., 2000; Hulsmann et al., 2003). However, 2 nM of NF449
almost completely abolished the current mediated by recom-
binant P2X1 receptors (Hulsmann et al., 2003), but reduced
Ir2x in RVSMCs only by ~60%. This discrepancy suggests the
contribution of other than P2X1 receptor to of-meATP-
evoked Ip,x in RVSMCs.

To study the recovery of Ir,x from desensitisation, 2 s pulses
of 10 uM op-meATP were applied repetitively with gradually
increasing intervals (Figure 4Aa). This approach revealed
that a 7 min interval between subsequent applications of
off-meATP was required for almost complete recovery of Ipx (n
= 6; Figure 4Ab). Therefore, in all subsequent experiments, the
2s pulses of ofi-meATP were applied with an interval of
7-8 min to allow for the P2X receptor re-sensitization. The
rate of the Ipx desensitization, as well as the relative contri-
bution of the slow (sustained) component of the current
varied from cell to cell and even in the same RVSMC upon
repetitive applications of of3-meATP (Figure 4Aa, pointed out
by arrows). This variability precluded accurate analysis of
these parameters.

To study the voltage-dependence of I»x, the 2s pulses
of 10uM of-meATP were applied at different holding
potentials: between —60 and +20 mV in 20 mV increments
(Figure 4Ba). The current-voltage relationship for the peak Ip,x
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Figure 2 Electrical events induced by ATP and of-meATP in RVSMCs. 2 s pulses of ATP (10 uM) or selective P2X receptor agonist of-meATP
(10 uM) evoked similar inward currents (Aa and Ba correspondingly) or changes of the cell membrane potential (Ab and Bb, respectively)
suggesting a crucial role of P2X receptors in mediating the response of RVSMCs to ATP.
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Figure 3 (Aa) Traces of the inward current elicited in RVSMCs by 10 uM ATP, 10 uM o3-meATP and 10 uM UTP at holding potential .60 mV.
(Ab) The peak current density for lp,x induced by 10 uM of ATP (n=7), 10 uM of af-meATP (n=123) and 10 uM of UTP (n = 7). (Ba) Action

of NF279 and NF449 on the inward current activated by 10 uM o3-meATP. (Bb) Inhibition of lp,x by 2 nM NF279 (n = 5) and 2 nM NF449
(n=7). * indicates P < 0.05.
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Figure 4 (A) Kinetics of re-sensitization of P2X receptors in RVSMCs. (Aa) The 2 s pulses of 10 uM of3-meATP were repetitively applied with
different intervals, as indicated. Virtually complete recovery of the peak current density was observed within 7 min. Representative traces
recorded in single cell illustrate some variability in the relative contribution of the sustained component to lpox (arrows). (Ab) Averaged
time-course of lpox re-sensitization: the averaged peak current densities were normalized to the peak current density induced by the first
off-meATP application and plotted versus duration of intervals between subsequent o3-meATP applications (n = 6-7 cell for each point). (B)
Voltage-dependence of Ipox. (Ba) Representative current traces recorded in single RVSMC. (Bb) Current-voltage relationship for the peak lp,x

revealed inward rectification (n = 5).

obtained in this way, revealed inward rectification and a
reversal potential around +5 mV (Figure 4Bb), which is con-
sistent with characteristics of the P2X receptor-mediated cat-
ionic current in other preparations (North, 2002).

Within the range of concentrations between 10 nM and
100 uM, of-meATP activated Ir,x concentration dependently
with an ECs of 1.1 = 0.1 uM (n = 5-6 for different concen-
trations of of3-meATP) (Figure 5A). The rate of both activation
and desensitization of Ip;x increased with increasing concen-
tration of off-meATP (Figure SAa). The time to peak of Ipx
activated by 10 nM of aff-meATP (990 = 17 ms; n = 5) was
more then 10 times that of Iyx activated by 10 uM off-meATP
(85 = 22 ms; n = 5). The kinetics of Ipx and its affinity to
of-meATP (ECso of around 1 uM) are consistent with charac-
teristics of the cationic current mediated by cloned P2X1
receptors (Rettinger et al., 2000). We therefore concluded that
monomeric P2X1 receptors make the predominant contribu-
tion to the genesis of Ip.x in RVSMCs.
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The Ip,x evoked by 10 uM of afi-meATP was attenuated by
gradually increasing extracellular Ca** concentration, [Ca*],
(Figure 5B), with no apparent changes in the kinetics of the
current. An increase in extracellular Ca** from 1 to 5 mM
reduced the peak current density by 33 +* 7% (n = 6-7 for
different [Ca*],). The decrease of [Ca*"], from 1 mM to 10 uM
resulted in an increase of the peak current density by 70 =
15%. This property of the cationic current mediated through
endogenous P2X receptors in RVSMC differs from that of the
current mediated by cloned P2X1 receptors, which was
reported to show little if any dependence on [Ca*], (Evans
etal., 1996).

NF279 was reported to be a potent selective and reversible
antagonist of the P2X1 receptors with ~15 000 times greater
affinity for P2X1, than for P2X4, receptors (Damer et al., 1998;
Rettinger et al., 2000). Because the RVSMCs showed the pres-
ence of mRNA only for these two types of P2X receptors, the
effect of NF279 on I1»x was studied. The results of these experi-
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Figure 5 (A) Concentration—dependence of activation of lpox by o3-meATP. (Ab) Traces of lp,x evoked by various concentrations of of-meATP
were normalized to the peak amplitude of the maximal response evoked by 100 uM of o3-meATP. (Ab) Averaged normalized peak amplitude
of lpx was plotted versus corresponding concentration of o3-meATP (n = 5-6). The concentration-dependence curve fitted to the experimental
points using non-linear least square minimization algorithm revealed an ECso = 1.1 = 0.1 uM. (B) Dependence of lpx on extracellular Ca®*
concentration ([Ca?']o). (Ba) lpx Was elicited by repetitive (with 8 min interval) applications of 10 uM oB-meATP to RVSMC incubated in
external solutions with gradually increasing [Ca*"],, as indicated. (Bb) The plot of the dependence of Ipx on [Ca®], revealed that increase in

[Ca?*], from 1 to 5 mM reduced Ipx by 33 £ 7% (n = 5-6).

ments are summarized in Figure 6A. The original traces of Ip;x
induced by a 2s pulse of 10 mM of-meATP under control
conditions and following 5 min incubation with different
concentrations (from 10 nM to 2 mM) of NF279 are shown in
Figure 6Aa. From these records, the values of the peak current
density were calculated and plotted against the corresponding
concentration of NF279. The concentration-response curve
for the antagonistic effect of NF279 obtained in this way
revealed an inflexion (Figure 6Ab), strongly suggesting the
contribution of two types of functional P2X receptors with
different affinities to NF279. The least square fit of the
concentration-response curve(s) to the data revealed that the
In,x component with higher sensitivity to NF279 was charac-
terized by an ICso = 6.8 £ 0.4 nM, while the component with
lower sensitivity to NF279 was characterized by an ICso = 71.4
+ 2.8 uM. The high sensitivity of the first component to
NF279 is consistent with the high affinity of the cloned P2X1
receptor to this drug. The sensitivity of the second compo-
nent was close to that reported for the cloned P2X3 receptor
(Rettinger et al., 2000). However, expression of the gene
encoding the P2X3 receptor protein was not detected in

RVSMCs (Figure 1B). In addition, the recovery from desensi-
tization of Ippx in RVSMCs was much slower than that
reported previously for the current mediated by the P2X3
receptor (Rettinger et al., 2000).

The P2X4 receptor is characterized by very low affinity for
of-meATP, so that af-meATP is virtually incapable of activat-
ing any current through monomeric P2X4 receptors at con-
centrations below 100 uM (North, 2002). However, current
responses to stimulation with af-meATP at concentrations
below 100 uM have been obtained from Xenopus oocytes
expressing the rat P2X4 receptor orthologue (Le ef al., 1998).
The P2X4 receptor is also characterized by a low affinity to
NF279, so that concentration-response curve for the antago-
nistic effect of NF279 on P2X4 receptor-mediated current
gives an ICs, higher than 300 uM (Rettinger et al., 2000). The
P2X4 receptor-mediated current is also known to be potenti-
ated by the antiparasitic agent, ivermectin (Khakh etal.,
1999). Following incubation with 2 uM NF279, the peak
current density of Ip,x in RVSMCs was reduced to 38 *= 4% of
its control value, while subsequent incubation of the myo-
cytes with 3 uM ivermectin in the presence of 2 uM NF279
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Figure 6 (A) Concentration-dependence of inhibition of lpx by NF279 (Aa) Traces of lp,x evoked by repetitive (with 8 min interval)
applications of off-meATP following 5 min pre-incubation with gradually increasing concentrations of NF279, as indicated. Currents were
normalized to the peak amplitude of Ip,x recorded in the absence of NF279. (Ab) Averaged normalized peak amplitude of Ip.x was plotted versus
corresponding concentration of NF279 (n = 5-12 for each data point). The best fit of the theoretical sigmoidal curves to the experimental
points using a non-linear least square minimization algorithm resulted in two distinct sigmoid curves. Thus, two components with different
sensitivity to NF279 contributed to lpox: the high-affinity component (with ICso = 6.8 = 0.4 nM, fitted by red sigmoid) and the low-affinity
component (with ICso = 71.4 = 2.8 uM, fitted by blue sigmoid). (B) Potentiation of NF279-resistant lpox by ivermectin. (Ba) lpox persisting in
the presence of 2 uM NF279 was augmented by 3 uM of ivermectin, a positive P2X receptor modulator. (Bb) Summary of the data obtained
in five RVSMCs. For each cell, the peak current density detected in the presence of the drug or drug combination was normalized to that in
control. NF279 (2 uM) reduced the peak current density relative to its control magnitude. Subsequent incubation with 3 uM ivermectin in the

presence of 2 uM NF279 partly reversed the inhibition due to NF279. * indicates P < 0.05.

partly restored the peak current density to 55 * 3% of its
control magnitude (Figure 6B; n = 5).

Altogether, the results shown above strongly suggested that
in RVSMCs, the P2X4 receptor protein is involved in the
formation of a functional ligand-gated ion channel respon-
sible for the genesis of the sustained component of Ipx. As
sensitivity of this component to both off-meATP and NF279
was higher than that previously reported for the monomeric
P2X4 receptor (Rettinger et al., 2000; North, 2002), but was
similar to that reported for the heteromeric P2X1/4 receptor
(Nicke et al., 2005), we concluded that in RVSMCs P2X4
receptor subunits co-assemble with P2X1 receptor subunits to
form functional heteromeric P2X1/4 receptors. The current
through these heteromeric P2X1/4 receptors is known to have
the kinetics of activation and desensitization slower than that
of monomeric P2X1 receptor-mediated current (Nicke et al.,
2005), and therefore may contribute to the sustained compo-
nent of Ipx in RVSMCs.
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Discussion

This study demonstrates the expression of the genes encoding
P2X1 and P2X4 receptor proteins in single smooth muscle
cells freshly isolated from renal resistance arteries. The expres-
sion of the genes encoding these proteins was previously
demonstrated in renal vasculature in experiments which were
conducted on mutlicellular preparations such as blood vessel
fragments (Chan etal., 1998; Nori etal., 1998; Lewis and
Evans, 2001). In contrast to the previous experiments where
the expression of P2X2, P2X3 and P2X7 receptors in the wall
of renal resistance blood vessels was immunodetected (Lewis
and Evans, 2001), we found no evidence for the expression of
the genes encoding these proteins in single RVSMCs. The
explanation for this discrepancy is that immunostaining
of the blood vessel also involves staining cells other than
RVSMC, such as endothelial cells, fibroblasts, neurons or
pericytes, where P2X2, P2X3 and P2X7 receptors could be



expressed. We have conducted RT-PCR analysis on single
isolated RVSMCs which were collected one by one under a
high-resolution microscope using glass micropipettes. Fur-
thermore, the purity of the smooth muscle cell sample was
confirmed by the expression of the gene encoding a smooth
muscle cell marker (SM-MHC), but not the markers for other
cell types normally found in the vascular wall: fibroblasts and
endothelial cells (CD34), neurons (PGP9.5) and pericytes
(NG2). This approach ensures that the analysis of the expres-
sion of genes encoding P2X receptor subunits was restricted to
RVSMCs.

Because the P2X-mediated current recorded under conven-
tional whole-cell voltage clamp reveals a run-down (Lewis
and Evans, 2000), to improve reproducibility of the
of-meATP-induced Ipx in RVSMCs, which is vital for
adequate pharmacological experiments, the amphotericin
B-perforated patch configuration of the whole-cell tight-seal
recording was used in all our electrophysiological experi-
ments. Under these conditions, 2 s pulses of 10 uM ATP
evoked in RVSMCs a rapidly activating and desensitizing
ionic current. The kinetics of this current and the peak
current density were identical to that recorded in response to
stimulation with the potent selective agonist of the P2X1
receptor af3-meATP. The current induced by 10 uM off-meATP
also desensitized rapidly in the presence of the agonist, and
completely recovered from desensitization within 7 min.
These characteristics of the Ip,x in RVSMCs, as well as its high
sensitivity to aff-meATP (ECso = 1.1 uM), are similar to that
previously reported for the recombinant P2X1 receptor
(Valera et al., 1994; Evans et al., 1995). However, there were
two major discrepancies between the characteristics of Ip;x in
RVSMCs and that of recombinant P2X1 receptor-mediated
current. First, there was a significant variability in the ratio of
the sustained-to-peak-current amplitude was observed and,
second, nanomolar concentrations of the selective P2X1
receptor antagonist, NF279, which are known to suppress the
current through the recombinant P2X1 receptors completely
(Rettinger et al., 2000), inhibited I;,x in RVMSCs by only
~65%. Taking into account that mRNA for the P2X4 receptor
protein was detected in RVSMC:s, it is reasonable to assume
that this P2X receptor type is mainly responsible for the
genesis of the sustained component of Ipx recorded in
RVSMCs. The P2X4 receptor-mediated current is known to
have a much slower rate of desensitization than the current
mediated by P2X1 receptors (North, 2002). The variation in
relative contribution of P2X1 and P2X4 receptors to Ipx in
RVSMCs may account for the variability in the ratio of the
sustained-to-peak-current amplitude. However, af3-meATP is a
weak agonist of P2X4 receptors, virtually incapable of activat-
ing a measurable P2X4 receptor-mediated current at the con-
centrations (<100 pM) used in our experiments (Le etal.,
1998; North, 2002). Nevertheless, in RVSMCs, the current
resistant to nanomolar concentrations of NF279 accounted
for about ~35% of the total Ip,x. Furthermore, recombinant
P2X4 receptors are characterized by rather low affinity to
NF279: ICso > 300 uM (Rettinger et al., 2000). In contrast, in
RVSMCs, the component of Ipx with lesser sensitivity to
NF279 was inhibited by micromolar concentrations of the
antagonist with an ICs, of 71.4 uM. Thus, it is rather unlikely
that monomeric P2X4 receptors make a significant contribu-
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tion to the genesis of Ip,;x in RVSMC:s. It is possible, however,
that the activation of monomeric P2X4 receptors was respon-
sible for the genesis of a small fraction of the In,x which
appeared to be insensitive to 2 mM of NF279. The absence of
a current with evident P2X4 receptor properties could also be
explained by either low expression of the corresponding
subunit or inability of the subunits to form a functional
channel. The properties of the I;,x component resistant to
nanomolar concentrations of NF279 therefore do not
conform to the properties of the currents evoked by activation
of either recombinant P2X1 or P2X4 receptors, the genes for
which were found to be expressed in RVSMCs.

There are seven types of mammalian P2X receptor subunits
(P2X1-P2X7), which can form homomeric ionic channels
(North, 2002). Most of these subunit types have an ability to
co-assemble with other types of P2X receptor subunits and
form heteromeric channels with distinct pharmacological
and biophysical properties (North, 2002). Earlier studies based
on the results of co-immunoprecipitation of P2X receptor
subunits suggested the potential co-assembly of different P2X
receptors subunits (Torres efal., 1999). Interestingly, these
studies have shown no potential co-assembly of P2X1 and
P2X4 receptor subunits; the gene expression for which we
identified in RVSMC. More recently, the biochemical and
functional evidence for heteromeric assembly of P2X1 and
P2X4 receptor subunits was reported (Nicke et al., 2005). In
that study, it was demonstrated that the heteromeric P2X1/4
receptor-mediated current had kinetics of activation and
desensitization slower than that of monomeric P2X1
receptor-mediated current and was activated by micromolar
concentrations of o3-meATP with an ECs, of 35.8 uM. Overall,
the characteristics of the component of Iy,x resistant to nano-
molar concentrations of NF279 recorded in our experiments
were consistent with the properties of heteromeric P2X1/4
receptors (Nicke et al., 2005), suggesting a contribution of a
heteromeric P2X1/4 receptors to the genesis of Ipx in
RVSMCs. The application of the P2X4 receptor agonist iver-
mectin evoked an increase of Ip;x persisting in micromolar
concentrations of NF279. However, it is unclear whether this
resulted from activation of heteromeric P2X1/4 receptors or
monomeric P2X4 receptors, a small fraction of which could
still be activated by 10 uM of3-meATP (Le et al., 1998). Finally,
variations in the relative contribution of the sustained com-
ponent of the Ip,x elicited in the same RVSMC by repetitive
applications of 10 uM o-meATP can also be explained by the
low affinity of heteromeric P2X1/4 receptors for ofj-meATP.
Indeed, 10 uM of-meATP caused nearly maximal activation
of P2X1 receptors (reported ECso = 1 uM; see also Figure 5A),
but only slightly activated heteromeric P2X1/4 receptors
(reported ECsy = 35.8 uM) (Nicke et al., 2005).

P2 receptors are expressed in renal vascular, glomerular,
mesangial and tubular epithelial cells, implying that ATP is
involved in a diverse array of physiological mechanisms regu-
lating renal hemodynamics and tubular function (Guan et al.,
2007a). P2X receptors in RVSMCs are involved in mediating
tubuloglomerular feedback and sympathetic control of renal
vasculature.

Indeed, interstitial ATP has been shown to be an important
paracrine agent involved in renal autoregulation. In vivo
studies demonstrated that elevation of renal perfusion pres-
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sure correlated with increased ATP concentration in renal
cortical interstitial fluid (Nishiyama et al., 2000). These renal
interstitial fluid ATP responses to an increase in arterial pres-
sure persisted following the block of L-type voltage-gated
calcium channels and correlated with manipulation of the
tubuloglomerular feedback response (Nishiyama et al., 2001).
In line with these observations, Bell and colleagues demon-
strated ATP release by apical macula densa cells in response to
increase of NaCl concentration in the distal tubular fluid (Bell
et al., 2003; Komlosi et al., 2006). Ex vivo studies demonstrated
that afferent arteriolar autoregulatory responses were substan-
tially attenuated by selective P2X1 receptor inhibition or
desensitization (Inscho et al., 2003). Furthermore, it was dem-
onstrated that P2X1 receptor knock-out mice do not exhibit
tubuloglomerular feedback (Inscho et al., 2003). This evi-
dence suggests that activation of P2X receptors by interstitial
ATP mediates renal autoregulatory behaviour. However, tubu-
loglomerular feedback is largely restricted to regulation of
terminal arteriolar resistance, while myogenic mechanism are
considered to be the major contributor to autoregulatory
resistance adjustments of the afferent arteriole and upstream
arterial segments (Cupples and Braam, 2007; Guan etal.,
2007a). Therefore, the extent to which P2X receptors in
RVSMCs from interlobar and arcuate arteries are engaged in
mediating purinergic autoregulatory responses is debatable.

On the other hand, opinion about the role of renal sympa-
thetic nerve activity (RSNA) in the regulation of RBF has been
revised during the last decade. Indeed, recent experiments on
conscious animals in which RSNA was altered using different
reflex maneuvers, and in some of which RSNA and RBF were
simultaneously measured, revealed that even small changes
in RSNA alter RBF (Grady and Bullivant, 1992; Malpas and
Evans, 1998; Leonard etal., 2000) and that resting RBF
increases following renal denervation (Grady and Bullivant,
1992; Malpas and Evans, 1998). Thus, RSNA provides a tonic
level of renal vasoconstriction and contributes to control of
RBF around normal resting levels (Malpas and Leonard, 2000).
Increased RSNA is now recognized as an important cause of
the decrease in renal excretory function in hypertension
(DiBona and Kopp, 1997; DiBona and Sawin, 2004). One of
the possible mechanisms linking increased RSNA to the
decrease in renal excretory function is a decrease in RBF and
GFR caused by renal vasoconstriction (DiBona, 2004). ATP
acting upon P2X receptors is an important sympathetic
co-transmitter and putative paracrine agent mediating auto-
regulatory tubuloglomerular feedback. Our study has identi-
fied two important targets in RVSMCs for possible therapeutic
intervention: monomeric P2X1 and heteromeric P2X1/4
receptors. Further work will, however, be necessary to
examine whether and how these ligand-gated ion channels
and their associated signal transduction mechanisms are
altered in hypertension.
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