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Abstract
Extracellular ATP can mobilize intracellular calcium in rat
glomeruli by interacting with P2Y receptors. However,
the identity of the receptor subtypes involved is not
known. In the present study, we have used RT-PCR to
identify mRNAs for specific P2Y receptor subtypes ex-
pressed in the rat glomerulus: mRNA for P2Y1, P2Y2,
P2Y4 and P2Y6 receptors was detected. Functional ex-
pression of P2Y1 and P2Y2/P2Y4, but not P2Y6, receptors
in intact glomeruli was confirmed by measuring the rela-
tive stimulation of the inositol phosphate pathway in-
duced by selective agonists of a particular receptor sub-
type. Finally, we have used available polyclonal anti-
bodies to confirm the expression of P2Y1 and P2Y2 in the
glomerulus, in mesangial cells and glomerular epithelial
cells (podocytes), respectively; but we could not demon-

strate P2Y4 or P2Y6 receptor expression by this means. In
a separate series of experiments, we have examined the
possibility that intra-renal sympathetic nerve terminals
are a source of extracellular ATP and that this would be
supported, though not excluded, by supersensitivity to
ATP following denervation. Nucleotide-induced stimula-
tion of the inositol phosphate pathway was measured in
both control rats and rats that had been sympathectom-
ized by intraperitoneal injection of 6-hydroxydopamine.
The response to norepinephrine was measured as a pos-
itive control. In the sympathectomized rats, the effect of
norepinephrine was significantly enhanced, whereas
ATP-induced inositol phosphate production was unaf-
fected, being similar in both groups of animals.

Copyright © 2004 S. Karger AG, Basel

Introduction

Several groups have clearly demonstrated that extra-
cellular ATP mobilizes intracellular free calcium in renal
epithelia [1, 2], an action mediated by P2Y receptors that
are generally coupled via phospholipase C (PLC) to the
activation of the inositol phosphate (IP) pathway [3].
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Functional evidence for the presence of P2Y receptors in
the intact mammalian glomerulus has been found pre-
viously by measuring ATP-induced rises in intracellular
calcium ([Ca2+]i) [1] and changes in glomerular size [4],
but a search of the literature reveals only limited informa-
tion on the nature and role of these receptors.

RT-PCR studies have shown the presence of P2Y1 [5],
P2Y2 [6, 7], P2Y4 [6] and P2Y6 [5, 7] mRNA in the intact
glomerulus, although at the protein level only functional
and/or immunochemical expression of the P2Y1 [4, 8]
and P2Y2 receptors [7], respectively, has been reported.
Moreover, the expression pattern of P2Y1 and P2Y2

receptors in the different cell types comprising the glo-
merulus has not been investigated, probably because of
the complex structural architecture of the glomerulus,
which consists of a central glomerular tuft of endothelial
(F20%) and mesangial (F25%) cells, encapsulated by a
double layer of visceral (podocytes) and parietal epithelial
(F55%) cells [9].

Currently, most of the detailed information on glomer-
ular P2Y receptors comes from studies of cultured cells
and suggests the presence of P2Y2, P2Y4 and P2Y6 recep-
tor subtypes in glomerular mesangial cells [6, 10, 11],
P2Y1, P2Y2 and P2Y6 in glomerular epithelial cells (podo-
cytes) [5], and the P2Y2 receptor in glomerular endothe-
lial cells [12, 13]; all are based on mRNA detection and/or
agonist profiling, rather than direct detection of protein
expression. Moreover, findings in cultured cells can be
confounded by the tendency for these cells to de-differen-
tiate and to acquire properties that are different from
their native source [14].

Therefore, the main aim of the present study was to try
and identify in native intact glomeruli which P2Y recep-
tor subtypes are present, in which cell type, and how func-
tional they might be, by using a combination of experi-
mental techniques. Firstly, RT-PCR was used to charac-
terize the different P2Y receptor mRNAs expressed in
isolated glomeruli (P2Y1, P2Y2, P2Y4 and P2Y6). Sec-
ondly, available antibodies against P2Y1, P2Y2, P2Y4 and
P2Y6 receptors were used to detect and localize expres-
sion of receptor proteins by immunohistochemistry.
Thirdly, measurements of nucleotide-induced phospho-
inositide production and increases in intracellular cal-
cium ([Ca2+]i) were used to identify which of these recep-
tors are functionally active.

Another aim of this study was to explore (indirectly) a
potential source of extracellular ATP (which is still specu-
lative [15]) that could activate these P2 receptors. Studies
have suggested that for some nephron structures the renal
sympathetic nerves might be a source of ATP. Indeed, it is

well established that ATP is a co-transmitter with norepi-
nephrine in renal nerves and that at low frequency elec-
trical stimulation ATP is the main transmitter released by
these fibres [16], and renal nerve stimulation can affect
glomerular size [17]. To investigate further the potential
role of renal sympathetic nerves in supplying extracellular
ATP to the glomerulus, we measured nucleotide-stimulat-
ed IP production in chemically sympathectomized ani-
mals to determine if there is an increase in sensitivity to
purines – denervation supersensitivity – as has been
reported for catecholamines (though not yet for ATP) in
arteries following sympathectomy [18].

Methods

Isolation of Rat Glomeruli and Parietal Sheets
All experiments were performed on glomeruli isolated from male

Sprague-Dawley rats (180–220 g) following anaesthesia with sodium
pentobarbital (Nembutal; 50 mg/kg body weight, i.p.). In one group
of animals, regression of sympathetic nerve terminals was induced by
injection of 6-hydroxydopamine (6-OHDA). Briefly, sympathectomy
was performed by injection of 6-OHDA on 2 consecutive days. On
the first day, 6-OHDA was injected intraperitoneally at a concentra-
tion of 100 mg/kg, and on the second day it was injected at a concen-
tration of 250 mg/kg. On the third day, the kidney was removed
under anaesthesia, as described.

The left kidney was perfused via the renal artery with 5 ml of
Hepes-buffered saline solution (HBSS; containing (in mM ): 140
NaCl, 5 KCl, 0.8 MgSO4, 0.33 Na2HPO4, 0.44 NaH2PO4, 1.0 MgCl2,
1 CaCl2, 10 Hepes, 2 NaOH, 5 glucose, 3% dextran and 0.1% bovine
serum albumin, pH 7.4) to remove blood, and was then rapidly
removed. The renal cortex was chopped finely and then filtered
through nylon mesh (Precision Textiles Ltd, Lancs., UK) of decreas-
ing size: 150, 100 and 80 Ìm. Glomeruli were retained on the last of
these meshes and re-suspended in a few millilitres of HBSS. Glomer-
uli were then selected under stereomicroscopic observation to be
intact (with parietal sheet), of uniform size and free of either tubular
or microvasculature fragments. All procedures were performed at
4°C. In some experiments, parietal sheets were microdissected from
isolated glomeruli as previously described [19, 20]. Most of the pari-
etal sheets used were attached to the glomerulus and appeared as a
thin, lid-like flap adjacent to the glomerulus.

Extraction of mRNA and RT-PCR
RNA was extracted from isolated glomeruli using a micro-meth-

od adapted from the guanidium thiocyanate phenol/chloroform
method, as described previously [5, 21]. Briefly, pools of isolated glo-
meruli were transferred with 5–10 Ìl of microdissection medium
into 400 Ìl of denaturing solution (4 M guanidium thiocyanate,
25 mM sodium citrate, pH 7.0, 0.5% sarcosyl, 0.1 mM ß-mercapto-
ethanol and 20 Ìg of yeast tRNA). After phenol/chloroform extrac-
tion and isopropyl alcohol precipitation, the final pellet was vacuum-
dried and re-suspended in a RNA dilution buffer (10 mM Tris-HCl,
pH 7.6, 1 mM EDTA, 2 mM dithiothreitol, 40 units/ml ribonuclease
inhibitor (RNasin; Promega Corp., Madison, Wisc., USA)). It was
determined earlier that the yield of this extraction procedure was in
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excess of 90% [21]. Specific primers were selected from the sequence
of the rat P2Y1, P2Y2, P2Y4, P2Y6 and ß-actin receptor cDNA using
Oligo Primer analysis software (MedProbe, Oslo, Norway). The
sequence of the P2Y primers was as already reported [2, 22]. The
intron-spanning ß-actin primer sequence was: sense ACCTTCAA-
CACCCCAGCCATGTACG and anti-sense CTGATCCACATC-
TGCTGGAAGGTGG. RNAs extracted from these glomeruli (F2.5
glomeruli per reaction) were reverse transcribed for 50 min at 42°C
with 0.5 Ìg Oligo(dT) 12–18 Primer, using a first-strand cDNA syn-
thesis kit for RT-PCR (Gibco BRL Superscript II RNase H- reverse
transcriptase). After denaturation at 95 °C for 3 min, 5% of the
resulting product was used as a template with PCR Core System I
(Promega). For each receptor, 35 PCR cycles were carried out under
the following conditions: 95°C, 30 s; 62°C, 1 min (annealing); 72°C,
1 min (extension), 5 cycles; 95°C, 30 s; 56°C, 1 min; 72°C, 1 min, 30
cycles plus a last additional cycle with a 10-min extension stage. For
ß-actin, only 25 cycles were carried out as follows: 95 °C, 30 s; 65°C,
45 s; 72°C, 1 min, 25 cycles plus a last cycle with a 10-min extension
stage. The resulting PCR products were resolved on a 2% (wt/vol)
agarose gel containing 10 Ìg/ml ethidium bromide and visualized
under UV illumination. The nature of the PCR product was con-
firmed by sequencing (Oswel DNA Sequencing Laboratories, South-
ampton, Hants., UK). In all experiments, the presence of possible
contaminants was checked by control RT-PCR reactions on samples
in which either mRNA was excluded (blank) or in which reverse
transcriptase had been excluded from the reverse transcription mix-
ture (RTase–). All experiments were carried out on the same PCR
machine; each P2Y subtype was tested for at least twice in extracts
from each of 5 animals.

Measurement of Phosphoinositide Metabolism in Intact
Glomeruli
The method has been described in detail before [23]. Briefly, glo-

meruli were labelled for 2 h in a humid atmosphere (at 37°C) in
HBSS (2 mM Ca2+) containing F300 ÌCi/ml myo-[3H]inositol (Am-
ersham, Berks., UK). After labelling, glomeruli were extensively
rinsed at room temperature to remove extracellular myo-[3H]inositol
and then batches of 10 were transferred in 2 Ìl HBSS to glass test
tubes containing 48 Ìl of HBSS. Incubation of glomeruli with agonist
was initiated by addition of 50 Ìl of HBSS containing the agent (at
double concentration) and LiCl (final concentration of 10 mM ).

Reactions were terminated after 15 min by adding 940 Ìl chloro-
form:methanol (1:2, vol:vol) and 200 Ìl of 5 mM EDTA-tris(hy-
droxymethyl)aminomethane (5 mM; pH 7.0). Water and chloroform
(300 Ìl of each) were added to the reaction tube, which was then cen-
trifuged for 5 min at 3,000 g at 4°C to separate phases. For each
sample, the upper hydrophilic phase was removed for chromatogra-
phy, while 500 Ìl of water and 500 Ìl of methanol were added to the
remaining, hydrophobic phase. After vortexing and a repeat centrifu-
gation, the lower phase containing phosphoinositides was recovered
and evaporated to dryness in counting vials before the radioactivity
was measured.

Radioactivity associated with free inositol, glycerophosphoinosi-
tol (GPI) and with IPs was separated by chromatography as de-
scribed previously [23]. Samples were applied to columns containing
0.25 g Dowex AG1-X8 resin and free inositol, GPI and IP were suc-
cessively and respectively eluted with the following: (1) Hepes-
NaOH (3 mM ), pH 7.0; (2) ammonium formate (30 mM ), and
(3) ammonium formate (1 M ) and formic acid (0.1 M ). The radioac-
tivity contained in each eluate and in the phosphoinositide extract

was counted by ß-emission spectrometry following addition of 15 ml
Aquasol-2 scintillation cocktail (Canberra Packard, UK) to each vial.
Five replicates were performed for each condition in each experi-
ment and used to give an average value per rat. These data were
obtained following conversion of the counts in each fraction to dpm
in order to account for variable quenching. The results from these
assays are expressed as the percentage of the total radioactivity
present in the IPs fraction as this has previously been shown to corre-
late well with agonist-stimulated IP production [23].

Measurement of Intracellular Free Calcium
Intracellular calcium concentration ([Ca2+]i) was measured radio-

metrically either on slit-open glomeruli or on isolated parietal sheets,
deposited onto thin glass coverslips and embedded in 1% agarose
(type IX), as previously described [20]. After loading with fura 2-AM
(5 ÌM in microdissection medium; Molecular Probes, USA) for 1 h at
room temperature, these structures were superfused with HBSS at a
rate of F1 ml/min (corresponding to an exchange rate of the fluid
covering the tubule of 8–10 times/min). Following a 5-min equilibra-
tion period, fura 2 fluorescence was measured using a standard pho-
tometric set up (PTI Photoscan II System, Kontron) [20]. All solu-
tions were stored in individual reservoirs at room temperature until
use; the temperature was raised to 37 °C just prior to entry to the
perfusion chamber. Following subtraction of autofluorescence from
the fluorescence intensities of fura 2 at 340 and 380 nm, [Ca2+]i was
calculated from the standard equation [24] using a dissociation con-
stant of fura 2 for calcium of 224 nm.

Immunohistochemistry
Sprague-Dawley rats (250 g) were killed by intraperitoneal injec-

tion of 90 mg/kg Sagatal and the left kidneys were removed. The
tissue was embedded in OCT compound (BDH/Merck, Leicester,
UK) and frozen in iso-pentane pre-cooled in liquid nitrogen. The tis-
sues were sectioned at 8 Ìm using a cryostat (Reichert Jung
CM1800), collected on gelatin-coated slides and air-dried at room
temperature. The slides were stored at –20°C and allowed to return
to room temperature for at least 10 min prior to use. Rabbit polyclon-
al antibodies to P2Y receptor subtypes were obtained from Alomone
Laboratories (Jerusalem, Israel), with the exception of P2Y6, which
was a gift from Prof. Jens Leipziger [25]. The specificity of P2 sub-
type-specific antibodies was immunohistochemically determined by
replacement of primary antibody with non-immune rabbit serum.
Pre-absorption of P2Y subtype antibodies with excess of the appro-
priate synthetic peptide used for generation of the antibodies elimi-
nated immunoreactivity. For experiments to detect P2Y4 immunore-
activity, the avidin-biotin (ABC) technique was used as previously
described [26]. For dual staining experiments, an immunofluores-
cent technique was employed. The slide-mounted sections were fixed
in 4% formaldehyde in phosphate-buffered saline for 2 min. Non-
specific protein binding sites were blocked by a 20-min incubation in
10% NHS. P2 subtype antibodies were diluted to 1.25–5 Ìg/ml in
10% NHS and the sections were incubated overnight with antibody
at room temperature. Marker antibody for glomerular epithelial cells
(podocytes), rabbit anti-WT-1 [27], was obtained from Santa Cruz
Biotechnology (Calif., USA) and marker antibody for mesangial cells,
mouse anti-Thy-1 [19], was obtained from Abcam Ltd (Cambridge,
UK). The secondary antibody for P2Y1 was donkey anti-rabbit Cy3
(Jackson Immunoresearch, Luton, UK) and for anti-Thy-1 was don-
key anti-mouse Oregon green. Antibodies for P2Y2 and the podocyte
marker WT-1 were raised in the same species, therefore further steps
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Fig. 1. Sample RT-PCR gels for (A) ß-actin
(699 base-pairs) and P2Y1 (289 base-pairs)
and (B) P2Y2 (279 base-pairs), P2Y4 (294
base-pairs) and P2Y6 (339 base-pairs)
mRNA in glomeruli isolated from 5 rats.
Lane 6 (blank) is the negative control (PR
mix plus primers, but not RNA).

were required to ensure elimination of cross-reactivity. P2Y2 recep-
tors were detected by tyramide signal amplification (Renaissance,
TSA indirect, NEN, USA) using antibody concentrations below the
detection limit of a fluorophore-coupled secondary antibody. After
incubation overnight with anti-P2Y2, the layers of secondary anti-
body were biotinylated with donkey anti-rabbit IgG (Jackson Immu-
noresearch), ExtrAvidin peroxidase (Sigma, Poole, UK), the tyram-
ide signal amplification solution was applied for 8 min, and the final
layer was streptavidin fluorescein (Amersham Lifescience, Bucks.,
UK). Finally, sections were incubated overnight with anti-WT-1 and
then detected with donkey anti-rabbit Cy3. The results were analysed
and recorded using a Zeiss Axioplan light/fluorescent microscope
(Jena, Germany) and images were captured using a Leica DC200 dig-
ital camera (Leica, Germany).

Statistics
Data are presented as mean B SE. Where appropriate, statistical

significance was determined by unpaired t-tests for two-group com-
parison or by ANOVA for multiple comparisons using GraphPad
Instat software and curve fitting was done using GraphPad Prism
software (GraphPad Software Inc., San Diego, Calif., USA). A differ-
ence with p ! 0.05 was considered to be statistically significant.

Results

Molecular Characterization of P2 Receptors in Intact
Glomerulus
To identify P2Y receptor subtypes at the molecular

level, we performed RT-PCR experiments on RNA ex-
tracted from rat glomeruli. Sample gels, shown in fig-
ures 1A and B, show the presence of mRNA for P2Y1,
P2Y2, P2Y4 and P2Y6, with some variation in intensity
between extracts from different rat kidneys.

Immunohistochemistry for P2Y Receptors
P2Y2 and P2Y1 receptors were immunolocalized to the

glomerulus (fig. 2A, B and C, D, respectively). In contrast,

P2Y4 and P2Y6 receptors were not detected in any glo-
merular structure (fig. 2E–G). Figure 2A shows fluores-
cent dual labelling for P2Y2 (green) and anti-WT-1 anti-
bodies (red), co-localizing in yellow in glomerular epithe-
lial cells (podocytes). Although discrete, some staining of
the parietal sheet and basolateral membrane of proximal
tubule cells could also been detected (fig. 2A). Figure 2B
shows no P2Y2 co-localization with an endothelial cell
marker (Ox 43). No P2Y2 labelling was clear or strongly
visible on mesangial cells. However, the intensity of fluo-
rescence in the glomerulus was high relative to adjacent
structures, making it difficult to detect lower levels of spe-
cific antibody binding and hence protein expression. Fig-
ure 2C shows P2Y1 (red) and anti-Thy1 (green) fluores-
cent antibody staining co-localizing in yellow in mesan-
gial cells. Figure 2D shows no P2Y1 co-localization with
the endothelial cell marker (Ox 43). No staining was visi-
ble on podocytes or surrounding tubules (again, at this
level of fluorescence intensity). By contrast, P2Y1 label-
ling as a thin and broken red line was visible in the peri-
glomerular region (thick arrows). This is likely to corre-
spond to interstitial and periglomerular fibroblasts, as
suggested by co-localization with ecto-5)-nucleotidase
(not shown); intense P2Y1 labelling was also observed on
peritubular fibroblasts (not shown) [28]. Figures 2E and F
show the absence of glomerular staining for P2Y4, in con-
trast to the intense labelling of tubules seen in the same
sections. Figure 2G shows a lack of glomerular P2Y6

immunostaining, but it does confirm proximal tubule
staining, as noted originally by Leipziger [pers. com-
mun.].

Inositol Phosphate Metabolism in Intact Glomeruli
To provide functional confirmation of the molecular

findings, we investigated the ability of extracellular nu-
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Fig. 2. Photomicrograph showing (A) P2Y2 receptor immu-
nopositive podocytes in green (arrows) co-localized with the
podocyte nuclear protein Wilms tumour-1 (WT-1) in red –
faint staining of the parietal and proximal tubule is also visi-
ble; (B) no co-localization of P2Y2 receptor immunoreactiv-
ity (red) with the endothelial cell marker Ox 43 (green);
(C) P2Y1 receptor immunoreactivity (red) in a population of
mesangial cells co-localized with the mesangial cell marker
thymocyte-1 (thy-1) (green) (areas of co-localization appear
yellow – white arrows) – peripheral staining (thicker arrows)
is not the parietal sheet, but is on periglomerular fibroblasts
or interstitial cells (confirmed by co-staining with a ecto-5)-
nucleotidase antibody (37) – not shown); (D) no co-localiza-
tion of P2Y1 receptor immunoreactivity (red) with the endo-
thelial cell marker Ox 43 (green); (E, F) negative glomerular
immunoreactivity for P2Y4, although the renal tubules are
strongly immunopositive (scale bars = 50 Ìm); (G) negative
glomerular immunoreactivity for P2Y6.

cleotides to stimulate the phosphoinositide pathway in
intact glomeruli. In these studies, the distribution of
radioactivity between the four inositol-containing pools
was similar to that previously reported in rat glomeruli
[29]. Approximately 30–40% of the total radioactivity
was present in each of the inositol and phosphoinositide
fractions, with the remainder distributed between the
GPI and IPs pools. In the figures presented, only the data
from the IPs fraction are shown.

ATP significantly increased IPs production in the
intact glomerulus (fig. 3A; p ! 0.001) with maximal stim-

ulation of this pathway achieved between 30 and 100 ÌM,
and significant increases in production of IPs being ob-
served at a concentration of 3 ÌM (p ! 0.01). Both ATPÁS,
which binds preferentially to P2Y2, but also to P2Y4, and
the P2Y1-selective agonist 2MeSADP, elicited a signifi-
cant stimulation of this pathway (fig. 3B). In contrast,
despite the presence of mRNA, the selective P2Y6 agonist
UDP had no effect, consistent with a lack of functional
expression of this receptor subtype in the glomerulus.
Therefore, these data suggest that at least two PLC-cou-
pled P2Y receptors are expressed in the intact glomerulus:
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Fig. 3. Inositol phosphates (IPs) production in isolated
rat glomeruli expressed as a percentage of total incorpo-
rated radioactivity: (A) concentration-response curve for
ATP (a significant dose-dependent increase above basal
– p ! 0.001); (B) response to ATP and receptor-selective
agonists (all at 30 Ìmol/l). Data are means B SE from
3–6 rats; * p ! 0.05, ** p ! 0.01 versus basal level of pro-
duction.

a P2Y1-like receptor and a receptor with characteristics of
P2Y2 (or P2Y4). In support of this, the effects of the recep-
tor-selective agonists were approximately half that of
ATP, which can activate all three subtypes.

P2Y-Related Increases in [Ca2+]i

Previous studies by Marchetti et al. [20] have shown
that the parietal sheet of Bowman’s capsule, which in-
volves a single type of myoepithelial cell, can be separated
and studied independently of the glomerular tuft, itself
comprised of a mixture of intermingled cells – podocytes,

endothelial and mesangial cells. In a separate set of exper-
iments, we compared the functional expression of P2Y
receptors in the parietal sheet and the decapsulated glo-
merulus to try and answer two questions: first, whether
the apparent absence of labelling of the parietal sheet by
the anti-P2Y1, P2Y4 and P2Y6 antibodies revealed an
absence of these receptors, or a limited sensitivity of the
immunohistochemical approach; second, whether the
lack of effect of UDP on IPs production in intact glomeru-
li could have been due to limited access of agonists to cell
types located deep within the glomerulus. Due to the



P2 Receptors in the Rat Glomerulus Nephron Physiol 2004;96:p79–p90 p85

Fig. 4. Experiments on the isolated rat pari-
etal sheet showing (A) representative traces
of the effects of 2MesATP, ATP, UTP and
UDP (all at 100 Ìmol/l) on [Ca2+]i; (B) a
mean concentration-response curves for
ATP (mean B SE of at least 3 parietal sheet
preparations) and typical agonist concentra-
tion-response curves for ATP, ATPÁS and
UTP (with basal [Ca2+]i subtracted); (C) a
trace showing the response of a decapsulated
(no parietal sheet) slit-open glomerulus to
UDP, 2MeSATP and angiotensin II (Ang II)
and mean responses to these agents.

small number of parietal sheets that can be dissected in
each experiment, we addressed these points by measuring
cytosolic calcium, rather than IPs production, as an index
of PLC activation.

The sample traces and mean [Ca2+]i increases shown in
figure 4A illustrate the pattern of response of the parietal
sheet to P2Y agonists: 2MeSATP and UDP were without

effect on [Ca2+]i, suggesting that neither P2Y1 nor P2Y6

receptors are expressed in this epithelium. As shown by
the concentration-response curves for ATP, UTP and
ATPÁS (fig. 4B), with all agonists, maximal activation of
the calcium pathway was achieved at 100 ÌM, but much
lower concentrations still produced significant increases
in [Ca2+]i (EC50 of F5–10 ÌM).
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Fig. 5. A ATP-stimulated inositol phosphates (IPs)
accumulation in control (closed circles) and 6-hydrox-
ydopamine (6-OHDA)-treated (open squares) rats (a
significant dose-dependent increase above basal in
each group (p ! 0.001), but no significant difference
between control and 6-OHDA), and B basal (open bar)
and noradrenaline-stimulated (hatched bar; 10 Ìmol/l)
IPs production in control and 6-hydroxydopamine-
treated rats. Data are means B SE from 5–8 experi-
ments and are expressed as a percentage of total incor-
porated radioactivity.

ATP, ATPÁS and UTP were thus equipotent, suggest-
ing the presence of a receptor with P2Y2/P2Y4 character-
istics.

In decapsulated slit-open glomeruli (fig. 4C), a condi-
tion expected to allow free access of agonists to all cell
types of the glomerular tuft, UDP was inactive, but the
P2Y1 agonist 2MeSATP, and the hormone angiotensin II
[30] both increased [Ca2+]i. These data suggest that cell

types of the glomerular tuft express P2Y1, but not P2Y6

receptors, again in keeping with our immunohistochemi-
cal data.

Effect of Chemical Sympathectomy on ATP-Induced
Production of Inositol Phosphates
As a separate and related study, we tested the effect of

6-OHDA-induced sympathectomy on the response to
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ATP in the isolated glomerulus. Basal levels of IPs were
similar (control 2.52 B 0.32% vs. 6-OHDA 2.23 B
0.30%; NS), and the ATP-induced activation of this path-
way was not different in the two groups of animals
(fig. 5A). In contrast, sympathectomy enhanced the re-
sponse to noradrenaline (10 ÌM) in the same experiments
(fig. 5B).

Discussion

Receptors for extracellular purines and pyrimidines
are grouped into two distinct families: ionotropic P2X
receptors are ligand-gated ion channels, whereas P2Y
receptors couple to effector pathways linked to G-proteins
[3]. In the present study we have focused exclusively on
P2Y receptors in the native rat glomerulus, rather than in
derived constituent cells in culture and we have tried to
combine their detection with evidence of functional ex-
pression, which has so far not been done.

Analysis of RNAs extracted from the intact glomerulus
identified P2Y1, P2Y2, P2Y4 and P2Y6 receptor subtypes
(fig. 1), a finding in agreement with previous studies in
cultured cells [6, 11, 13, 31, 32] and intact glomeruli [5–
7]. However, the presence of mRNA does not always
mean that the protein is expressed, or that it is functional-
ly active. Up to now, protein detection has been investi-
gated by pharmacological and immunochemical methods,
which both have their limitations: immunofluorescence is
limited by the availability of antibodies, their specificity
and affinity; whereas pharmacological studies are limited
by the selectivity of agonists and antagonists, and, for
example, cannot distinguish easily between P2Y2 and
P2Y4 receptors [33]. Therefore, we combined these tech-
niques to try and provide a more reliable assessment of
P2Y receptor subtype presence and activity within the
intact glomerulus.

By measurement of nucleotide-stimulated production
of IPs, we found evidence for the functional expression of
at least two distinct subtypes of P2Y receptor within the
intact glomerulus. The effect elicited by 2MeSADP (and
to a lesser extent 2MeSATP) was consistent with the pres-
ence of P2Y1 receptors [34], while the ability of ATPÁS to
activate the PLC pathway was more indicative of a recep-
tor with P2Y2/P2Y4-like characteristics [35, 36]. It is
noteworthy that ATP-induced production of IPs was ap-
proximately twice that of the more receptor-selective
agents, consistent with the action of ATP at more than
one discrete population of P2 receptor. Of interest, the
P2Y6-selective agonist UDP had no effect on IPs produc-

tion in the intact glomerulus, despite the presence of its
mRNA. Since it is believed that the metabotropic P2Y
receptor family ubiquitously couples to the hydrolysis of
phosphoinositides [3], these data seem to preclude the
functional expression of P2Y6 in the intact rat glomer-
ulus.

Immunohistochemically, glomerular staining of P2Y1

appears to be mesangial only (fig. 2C), confirmed by co-
localization with the mesangial cell marker, Thy-1 [19].
This receptor also shows some extraglomerular staining in
rat kidney (not shown), suggesting a wider expression on
periglomerular (see fig. 4B – thick arrows) and peritubular
capillary interstitial (rather than endothelial) cells [37], as
confirmed by our use of endothelial and interstitial cell
marker antibodies. The strong immunohistochemical ex-
pression of P2Y1 on mesangial cells is consistent with this
receptor mediating the glomerular IPs response to 2Me-
SADP (fig. 3B) and the calcium response of the decapsu-
lated slit-open glomerulus to 2MeSATP (fig. 4C). It is con-
sistent with the finding of Jankowski et al. [4] on the con-
traction response of intact glomeruli to P2Y1-selective
ATP analogues and also of cultured rat mesangial cells
observed by Pavenstadt et al. [38]. However, it is at vari-
ance with previous studies on cultured mesangial cells
that failed to detect evidence for a P2Y1 pharmacological
stimulation of cytosolic calcium [39], or of other signal-
ling pathways [40–42].

In contrast to mesangial cells, we found no evidence for
P2Y1 receptors in podocytes, in myoepithelial cells of the
parietal sheet (fig. 4A), or in glomerular endothelial cells
(fig. 2D). This latter observation is in agreement with
available data on cultured cells [5, 12, 13], but it is at odds
with a recent study reporting that 2MeSATP relaxes pre-
contracted glomeruli, an effect blocked by endothelial ni-
tric oxide (NO) synthase inhibitors [43]. The authors of
this study speculated that intracellular [Ca2+]i spikes elic-
ited by P2Y1 agonists in endothelial cells could trigger NO
release and cause mesangial cells relaxation via a para-
crine effect. As already mentioned, our immunohisto-
chemical approach is more likely to detect those receptors
that exhibit high levels of protein expression and does not
exclude the presence of other P2Y receptors expressed at
low levels. Therefore, further studies using more sensitive
direct techniques (perhaps as has been done in podocytes
using dual photon confocal microscopy [44]) will be nec-
essary to establish definitively whether or not P2Y1 recep-
tors are expressed in native glomerular endothelial cells.

Strong P2Y2 immunostaining of podocytes (as shown
by the podocyte WT-1 marker [27]) and faint P2Y2 label-
ling of the parietal sheet of Bowman’s capsule were
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detected (fig. 2A). In contrast, we could not detect any
P2Y4 immunoreactivity in the glomerulus and it ap-
peared to be expressed exclusively by the renal tubular
epithelium (fig. 2E, F). These observations suggest that
IPs production induced by ATPÁS in glomeruli (fig. 3B) is
predominantly P2Y2-mediated and localized to podo-
cytes, in keeping with the reported expression of this
receptor in cultured podocytes [5]; calcium transients
induced by low concentrations of UTP, ATP and ATPÁS
in epithelial cells of the isolated parietal sheet (fig. 4A, B)
are likely to be due to the presence of P2Y2 receptors.
Conversely, the strong P2Y4 antibody staining of cortical
tubules suggests that it is this receptor that mediates, for
the major part, the calcium responses observed earlier by
Bailey et al. [2] in isolated proximal convoluted tubules in
vitro. The presence of P2Y2 has been widely reported in
cultured mesangial cells on the basis of mRNA [6, 11, 45]
and functional data [31, 39, 45–48], as well as probable
mesangial cell expression in one immunohistochemical
study of intact glomeruli [7]. Several groups have also pro-
vided pharmacological evidence for a PLC-coupled recep-
tor in cultured glomerular endothelial cells [12, 13] that
could be a P2Y2- or P2Y4-like receptor; however, in our
study we could not localize either receptor to mesangial or
endothelial cells. This could mean that P2Y2 and/or P2Y4

receptors are normally only weakly expressed in native
mesangial and endothelial cells. No published data on
native glomerular endothelium are available to confirm
this interpretation, but in the study of Rost et al. [7]
referred to above, kidney sections from normal rats
showed only faint P2Y2 immunolabelling, whereas P2Y2

staining with a stronger and more characteristic mesan-
gial pattern was seen 3–5 days after induction of an
inflammatory and proliferative form of glomerulonephri-
tis.

P2Y6 staining was also not found in the glomerulus.
Though expression of the P2Y6 receptor has been de-
tected in cultured podocytes [5], we could elicit no [Ca2+]i

or IPs responses to its preferred agonist UDP in the intact
glomerulus, the isolated parietal sheet or the decapsulated
slit-open glomerulus. This cannot be explained by a fail-
ure of agonist access in these models, or to inadequate
sensitivity of our functional assays, as all responded to
low concentrations of ATP (see fig. 3, 4); moreover, we
have previously used changes in [Ca2+]i to demonstrate
renal tubular expression of P2Y6 [22]. Therefore, our data
indicate that P2Y6 receptors are not expressed in native
glomeruli, at least under normal conditions. Since Rost et
al. [7] also found an increase in glomerular P2Y6 mRNA
following induction of glomerular inflammation, it is pos-

sible that, like P2Y2, P2Y6 protein expression increased as
well.

Thus, we have shown that P2Y1 and P2Y2 receptors
are expressed in native glomeruli of the normal rat, but we
have found no evidence for expression P2Y4 and P2Y6

receptors. Podocytes and epithelial cells of the parietal
sheet of Bowman’s capsule are the main site of P2Y2

expression and mesangial cells that of P2Y1 expression.
Relevant to all P2Y receptors is that their expression level
may change in disease states.

Presently, the physiological roles of these P2Y recep-
tors are still unclear. Calcium-mobilizing agents can cause
morphological changes in several glomerular cell types,
such as mesangial cells [17, 49], podocytes [50, 51] and
the parietal sheet of glomerular epithelium [20], and ATP
can produce both contraction and relaxation of intact glo-
meruli [4]. These studies suggest a possible physiological
role for extracellular ATP in glomerular ultrafiltration
that is independent of any effect it may have on the renal
microvasculature [52]. Another reported effect of ATP, at
least in cultured mesangial cells, is proliferation and a
potential role in the response to glomerular injury [6, 7,
11, 53]. Further studies will be necessary to clarify the
part played by each P2Y subtype in the control of glomer-
ular function.

Finally, to investigate one potential source of extracel-
lular ATP in the rat glomerulus, experiments were per-
formed on animals treated with 6-OHDA. Previous stud-
ies have shown that this protocol, which destroys sympa-
thetic efferent nerve terminal varicose fibres [54], leads to
a reduction in the concentration of catecholamines in the
renal cortex and medulla to almost undetectable levels
[55]. In particular, 6-OHDA-induced denervation re-
duces norepinephrine content in the glomerulus [56] and
increases ·-adrenoceptor expression in the rat kidney as a
whole [57]. Increases in the sensitivity to catecholamines
in response to this protocol have been reported in other,
non-renal tissues [58, 59]: in the rat vas deferens, 6-
OHDA promotes supersensitivity to purinergic com-
pounds [59]. In the present study we found that norepi-
nephrine-induced activation of PLC in isolated glomeruli
was significantly enhanced in denervated animals, con-
firming the effectiveness of this protocol. The mechanism
of supersensitivity is unclear, but may involve a receptor-
based post-synaptic effect [57, 60], as well as a loss of pre-
synaptic norepinephrine uptake and storage [58]. How-
ever, in contrast to norepinephrine, ATP-stimulated IPs
production was no different in the 6-OHDA-treated rats
compared with controls. This apparent lack of effect of
6-OHDA sympathectomy on sensitivity to purines is not
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a new finding: in the rabbit saphenous artery, such dener-
vation induces increased sensitivity to norepinephrine,
but not to purines [18], which was attributed to continu-
ing endogenous release of ATP from endothelial cells.
Thus, while we have not excluded ATP release from renal
sympathetic nerves as a source of ATP, we have at least
demonstrated that the phenomenon of denervation super-
sensitivity to ATP, reported in the rat vas deferens [59],
does not occur in the glomerulus. Other sources of extra-
cellular ATP are likely: studies of renal tubular cells in
culture report that significant amounts of ATP are re-
leased across both apical and basolateral membranes [61,
62]. Furthermore, the glomerular endothelium itself may
be a source: it has been shown that ATP is released from
red blood cells squeezed on passage through the capillary
bed [63], and the glomerular filtrate of plasma might also
contain ATP [64]. Therefore, although basal cellular re-
lease of ATP is likely in the kidney [32], loss of tonic secre-

tion of purines from renal nerve terminals may not lead to
any alteration in sensitivity to exogenously applied ATP.

To summarize, we have provided evidence for the
presence at both protein and functional levels of two P2Y
receptor subtypes, P2Y2 and P2Y1, in the intact rat glo-
merulus; also, while we could demonstrate the phenome-
non of denervation sensitivity to noradrenaline in rat glo-
meruli, the response to ATP was not enhanced.
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