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Abstract

P2X; is an intriguing membrane receptor for the extra-
cellular nucleotide ATP, which functions as a ligand-gat-
ed ion channel; it can activate cell membrane permeabi-
lization and also has a wide range of downstream
signaling pathways, including mediation of inflamma-
tory responses and modulation of cell turnover. Despite
recent identification of P2X; receptor protein in the renal
tract, the biological and potential pathological functions
of this receptor and its signaling cascades in the kidney
are not yet fully understood. P2X; receptor protein is ex-
pressed in normal kidney development, predominantly
in the condensing mesenchyme, and later in the matur-
ing and adult derivatives of the ureteric bud. Glomerular
expression of the molecule is scarce in normal kidney,
but is upregulated in chronic and inflammatory condi-
tions, suggesting a role in the inflammatory response or
in repair and remodeling in these settings. P2X5 receptor
expression in the adult collecting ducts of murine kidney,
as well as the collecting duct cysts in autosomal reces-
sive polycystic kidney disease, has been described and
agonists of the receptor can modulate the development

of renal cysts in an in vitro model of cyst formation de-
rived from the cpk/cpk mouse. Further investigation of
the function of the P2X; receptorin normal and abnormal
kidneys might lead to novel therapeutic targets in a wide
range of renal diseases.

Copyright © 2005 S. Karger AG, Basel

P2X Receptor Signaling

The history of extracellular nucleotides as signaling
molecules, from the pioneering demonstration of their
cardiovascular actions by Drury and Szent-Gyorgi in
1929, to the initial suggestion of a ‘purinergic’ autonom-
ic signaling system [1] and subsequent classification of the
two groups of receptors (P2X and P2Y) for extracellular
nucleotides [2, 3], has been extensively reviewed [4]. The
P2X family of purinergic receptors includes seven ligand-
gated ion channels, with two membrane-spanning do-
mains, intracellular N- and C-termini, and a large cyste-
ine-rich extracellular loop, similar in structure to the
DEG/ENaC superfamily of membrane receptors. The lat-
ter include the mechanosensitive receptors of Escherichia
coli, degenerins in Caenorhabditis elegans and the verte-
brate epithelial sodium channel (ENaC) [5], which dis-
play a wide variety of biological functions, including
mechanosensation, proprioception, epithelial sodium
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transport and, importantly, cell loss. Following cloning
and production of specific antibodies to P2X receptor
proteins, it has been demonstrated that they have a re-
markably wide pattern of expression; the potential sig-
nificance of this receptor family in the renal tract has al-
ready been reviewed [6].

The P2X; receptor, first characterized in immune cells
[7] and subsequently cloned from a rat brain cDNA li-
brary [8], has now been shown to have a wide expression
pattern, particularly in epithelial cells of the gastrointes-
tinal tract, skin, salivary gland and urinary tract. The re-
ceptor has unique properties, which appear to relate to its
structural differences from the other P2X members,
namely a longer intracellular C-terminus encoded by ex-
ons 12 and 13. The resulting 200 amino acid tail confers
the ability of the molecule to form a large permeabilizing
‘pore’ [8], enabling the receptor to function not only as a
non-selective cation channel, but also to mediate cell
membrane permeabilization. In addition to its mem-
brane properties, P2X; receptor mediates many other cel-
lular sequelae: some are related to immune responses,
including cytokine release, phospholipase D activation
and L-selectin shedding, as well as structural responses
like microvesiculation and surface blebbing seen in fibro-
blasts [9]. P2X5 receptor stimulation also has significant
effects on cell survival, inducing release of interleukin-13,
activation of NFkB and NFAT and the induction of both
apoptotic and necrotic cell death. Apoptosis occurs in
cells endogenously expressing P2X; receptors, such as
dendritic cells [10], lymphocytes [11], macrophages [12],
microglial cells [13] and renal mesangial cells [14], as well
as transfected cell lines [15]; it has also been suggested
that P2X activation can cause proliferation of lympho-
cytes [16].

However, the functional importance of the P2X; re-
ceptor in either normal or disease states is still unknown.
The ability of P2X; receptors to mediate modulation of
inflammatory responses and the dual role in cell turnover,
potentially effecting both apoptosis and proliferation,
suggest they may be important in situations in which
these processes are prominent, including normal and ab-
normal renal function. The recent discovery of a poly-
morphism in the C-terminus of human P2X causing loss
of receptor function [17], may support a role for this re-
ceptor in control of cell turnover in the hematopoietic
system, although its significance remains unclear. Initial
reports of increased frequency of the loss of function poly-
morphism in subgroups of leukemic patients [18] sug-
gested a tumor-suppressor role for P2X, but there is now
a growing consensus that P2X; may be overexpressed in
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hematopoietic tumors, expression relating to poorer prog-
nosis and lower remission rates [19, 20]. Thus, the impor-
tance of P2X in the control of cell survival remains con-
troversial.

P2X, Receptor Expression in the Kidney and
Urinary Tract

Early studies of P2X5 receptor expression demonstrat-
ed only low levels of mRNA in normal kidney [21], but
now there is increasing evidence for changes in its expres-
sion in the kidney and renal tract (table 1). Two groups
have shown that despite low levels being found in normal
rat kidney, rat mesangial cells in culture show upregula-
tion of expression when exposed to inflammatory media-
tors such as LPS, interferon-y or TNF-a [14, 22]. P2X,
mRNA has also been detected in differentiated podocytes
in culture [23]. The presence of receptor protein in these
in vitro cell lines has still to be confirmed, and immuno-
histochemical evidence for P2X; receptor protein expres-
sion in the intact urinary tract has been largely restricted
to rodent models: P2X5 receptors were first documented
in the urothelium of normal adult rat bladders [24] and
have now been localized to specific cell types of the de-
veloping mouse kidney, normal adult tubular epithelium
and cystic epithelia of a mouse model of polycystic kidney
disease [25], as well as in human autosomal recessive
polycystic kidney disease (ARPKD) [26].

Sources of Extracellular ATP

Recent data reveals functionally significant levels of
ATP, the endogenous P2X receptor ligand, within the
renal tract. In addition to release of intracellular ATP by
stressed or dying cells, it is also well established that nerve
cells (including neurotransmitter release), endothelia,
platelets, red cells and epithelia can release nucleotides in
a non-lytic (independent of cell damage) and physiologi-
cal manner [27]. In the kidney, ATP has been shown to
be released from normal tubular epithelium: micromolar
concentrations are released from proximal tubule epithe-
lial primary cultures or cell lines; nanomolar concentra-
tions from thick ascending limb and collecting duct cell
lines [28] and, interestingly, higher concentrations from
abnormal cystic epithelial cells derived from both human
and mouse polycystic kidneys [29]. ATP can also be mea-
sured in tubular fluid, with significantly higher concentra-
tion in the proximal tubule [30] and virtually undetect-
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Table 1. P2X; receptor expression in the

urinary tract: expression of P2X; receptor Distribution Protein  mRNA  Species Reference (first author)
mRNA or protein in cell lineages of .
mouse, rat and human renal and lower Whole kidney + Human Rassendren, 1997 [21]
urinary tract Metanephric mesenchyme — + Mouse Hillman, 2002 [25]
Podocytes + Mouse Fischer, 2001 [23]
+ Human Vonend, 2002 [39]
+ Rat Vonend, 2004 [35]
Mesangial cells + Rat Schulze-Lohoff, 1998 [14]

+ Harada, 2000 [22]

Collecting duct epithelium + Mouse Hillman, 2002 [25]
cpk/cpk mouse cysts + + Mouse Hillman, 2002 [25]
ARPKD cysts + Human Hillman, 2004 [26]
Bladder/ureter urothelium  + Rat Lee, 2000 [24]

+ Mouse Hillman, 2002 [25]

able amounts in Bowman’s space [D.G. Shirley, pers.
commun.]. It is released predominantly from the apical
surface of lining cells and in response to cell swelling, sug-
gesting a role in the regulation of cell volume [31]. In ad-
dition, recent demonstration of ATP release from the
macula densa cells of the thick ascending limb suggests a
role in tubulo-glomerular feedback regulation of glomer-
ular filtration rate [32]. The augmentation of ATP levels
by downregulation of ectoATPases in conditions like in-
flammation and hypoxia could also enhance the func-
tional contribution of this P2X receptor in the diseased
kidney.

P2X, Function in the Renal Tract

The demonstration of both the presence of P2X; re-
ceptors and the release of ATP in the renal tract are con-
sistent with a functional role for nucleotide signaling. At-
tempts to define the functional importance of this poten-
tial signaling system, however, have been impeded by the
limitations of available agonists and antagonists. There
are to date no specific agonists of the P2X receptors: the
nucleotide potency profile of P2X5 differs from the other
P2X molecules, the more potent agonists being shown
first: BZATP >> ATP >2-MeSATP > ATPyS >> ADP [§],
which can aid investigation of receptor function in vivo.
A blocking monoclonal antibody to human P2X is avail-
able for in vitro studies, but available antagonists of the
rodent receptor tend to be species-specific, non-selective
and may be associated with toxicity on prolonged use.
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This review describes the results of investigations using
currently available pharmacological tools, but the devel-
opment of more selective agents is anticipated.

P2X, Receptors in Nephrogenesis

In developing mouse kidneys, P2X; receptor immu-
noreactivity exhibits an interesting pattern, both spatial-
ly and temporally. During the early stages of nephrogen-
esis, between embryonic days 13 and 15 (E13 and E15)
after conception, at which time mesenchymal cells form
aggregates around the arborizing ureteric bud, P2X5 re-
ceptor protein is expressed by cells of the condensing mes-
enchyme. These aggregates mature into glomeruli and as-
sociated proximal tubules; however, from E16 on, P2X;
receptor immunoreactivity is found only in derivatives
of the ureteric bud, such as collecting duct and ureteric
epithelium, and is no longer found in the derivatives of
the aggregating mesenchyme [25]. P2X5 receptor protein
is therefore expressed in two distinct cell lineages in a
time-dependent manner during nephrogenesis. This
study also confirmed previous findings of P2X receptor
protein in the urothelium of rodent bladder and ureter
[24].

The specific expression pattern of P2X, receptors in
the condensing mesenchyme in early nephrogenesis cor-
relates spatially and temporally with marked cell prolif-
eration and apoptosis, consistent with the concept that
the receptor may have an important role in cell turnover
in the developing kidney: P2X; receptors are expressed
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by mesenchymal cells condensing around the ureteric bud
at a time when they are undergoing rapid turnover as
modeling of the maturing organ takes place. Although
P2X receptors can be shown to be present in cells posi-
tive for proliferating cell nuclear antigen (PCNA), a mark-
er of cell proliferation, as well as those with morphological
features of apoptosis, functional studies are required to
determine ifthere is any direct relationship between P2X5
receptor expression, cell survival and subsequent renal
histomorphology. It is also noteworthy that the P2X re-
ceptor is expressed at a time, and location, of cell aggrega-
tion and early lumen initiation. It could be surmised that
P2X; receptor-mediated alteration of cell survival, or oth-
er function, at this crucial stage might affect the renal ar-
chitecture. However, the apparent lack of any gross renal
anomaly in a recently produced knockout mouse suggests
that if this is the case, it is subtle, for example, a change
in nephron number. To address this issue, culture of
mouse kidneys with varying exposure to both agonists and
antagonists of the P2X receptor, as well as closer exami-
nation of nephrogenesis and adult histology of the P2X,
knockout mouse will be necessary.

P2X; Receptors in Tubular Epithelium

P2X receptor protein has been localized to the epithe-
lium of the collecting ducts of normal mice from develop-
ment to 4 weeks postnatally, or early adulthood [25], al-
though its functional importance in this site is unclear.
There is little in the way of cell turnover in the adult col-
lecting duct, so it may be that P2X; has an alternative
role in this situation. P2X; has been found in various
epithelial tissues, such as rat submandibular salivary
gland, where apical receptors respond to apical BZATP,
a potent ligand for the P2X; receptor [33]. It has been
proposed that P2X,, by means of its ability to act as a
cation channel, can cause fluxes of solute and water across
the luminal surface, and that ATP signaling may mediate
regulation of cell volume. However, there are currently
no data to support the role of the receptor in the normal
collecting duct: a study of potential P2Y activity in iso-
lated mouse collecting ducts found no response in terms
of calcium influx to apically or basolaterally applied
BzATP [34]. This suggests that the protein may be non-
functional in this segment, that it is expressed in an age-
dependent manner, or that its stimulation is not coupled
to a change in intracellular calcium. P2X5 has been im-
munolocalized only to 4 weeks postnatally in the mouse,
while adult mice were used in this functional study [34].

P2X; and the Kidney

P2X; Receptor in the Glomerulus

Although expression of P2X; receptors by mesangial
cells has been clearly documented in terms of mRNA lo-
calization in cultured cells, attempts to demonstrate pro-
tein expression in vivo yielded very low levels of expres-
sion in the normal rat kidney [22]. However, in vitro in-
vestigation did find that upregulating expression of the
receptor mRNA using inflammatory cytokines resulted
in functionally significant receptor protein: exposure of
mesangial cells under these conditions to external ATP
induced apoptotic cell death [14]. This is the only direct
evidence for function of the protein in glomerular cells
and it is important in that as well as showing that P2X;
receptors can influence cell survival, it supports a poten-
tial role for this molecule in glomerular function in dis-
ease. Recent demonstration of the upregulation of P2X
receptor mRNA and protein in two models of chronic
renal injury also support a role for this receptor in the
glomerulus. In both the streptozotocin-induced diabetic
and ren-2 transgenic (TGR) hypertensive rat models,
P2X receptors were upregulated in the glomerulus and
localized to podocytes, but also to mesangial and endo-
thelial cells [35].

To investigate further the role of P2X; receptor-medi-
ated cell death, and in inflammatory pathways in the
glomerulus, it will be important to examine inflamma-
tory models of renal disease, such as the anti-Thy-1 mod-
el in the mouse, an inflammatory state in which apoptosis
has been shown to be an important mechanism of clear-
ance of excess cells, and an important correlate of recov-
ery of normal renal histology and function [36]. A more
definitive approach to determine the importance of the
P2X receptor in this setting would be to assess the sever-
ity and recovery from renal inflammatory injury in a
P2X, knockout mouse.

P2X; Receptors in Polycystic Kidney Disease

In addition to the expression of P2X receptor protein
in normal developing collecting ducts, receptor expres-
sion has also been documented in the abnormal, dilating
collecting duct cysts of the cpk/cpk mouse [25], a model
with significant phenotypic similarity to human ARPKD.
Receptor expression is identified from prenatal stages
through to 4 weeks postnatally and at the stage of severe
uremia, that is, throughout the period of development
and expansion of renal cysts. Expression of P2X5 recep-
tors has also been shown in fetal ARPKD renal cyst epi-
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Fig. 1. Potential role of P2X; receptors in renal tubule and cyst
formation. Schematic representation of potential P2X; receptor
activity during the three stages of initiation and formation of lu-
men, tubes and cysts. (1) Cells initially aggregate and (2) a lumen
is initiated. Cells of (a) the condensing metanephric mesenchyme
and (b) aggregates in 3-dimensional cpk/cpk cyst culture preceding
cyst formation, express P2X; receptor protein (shown in green).
Aggregating cells receive polarizing signals to set apico-basal polar-
ity and vesicles carrying apical membrane antigens are targeted to
the prospective apical region and fuse with existing membrane or
each other to form a lumen. Apoptosis of interior cells that fail to
receive the polarizing signal, along with continued vesicle fusion
and apical secretion expand the lumen. P2X; receptors may be im-

thelium [26] and also in human autosomal dominant
polycystic kidney disease (ADPKD) kidneys. Prior to this
finding, a role for nucleotides and purinergic receptors in
the expansion of renal cysts had already been proposed.
Nucleotides and their metabolites have been found in
detectable amounts inside cysts of human polycystic kid-
neys, as well as significant and greater ATP secretion from
cyst lining cells in culture when compared with normal
human cultured proximal tubule cells [29].

ATP and other ‘trapped’ nucleotides are thought to act
on (undefined) P2 receptors to induce solute and water
influx and cause cyst expansion [29]. The recent descrip-
tion of P2X receptor protein in the epithelia of the cpk/
cpk mouse [25] lends some support to this hypothesis, the
receptor being well placed to transduce solute and water
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portant in aggregation or apoptosis at this stage. (3) Subsequent
lumen expansion is a regulated process dependent on the balance
of proliferation and apoptosis of epithelial cells and the net flux of
fluid into the lumen. In tube formation, expansion occurs until in-
hibited by a size sensor, failure of which may result in abnormal
tube and cyst expansion. In the kidney, P2X; receptors expressed
in normal and cystic collecting ducts are well placed to modulate
tubule or cyst expansion via changes in cell turnover within the
epithelium, or transduction of solute and water flux into the lumen.
(4) P2X receptor protein is expressed in the majority of cysts at all
stages of progression of ¢pk/cpk mouse polycystic kidney disease,
and in established human ARPKD and ADPKD.

fluxes into the lumen. An alternative role for the receptor
in this setting is the induction of cell death. Apoptosis is
known to occur in polycystic kidney diseases, predomi-
nantly in the interstitium between the cysts [37], where
loss of tissue correlates closely with the decline in renal
function [38]. However, in the cpk/cpk mouse, P2X; re-
ceptor expression is restricted to the cystic epithelium,
known to undergo proliferation rather than apoptosis,
suggesting P2X receptors may have a very different role
in this context, perhaps transducing solute and water flux-
es or affecting cell turnover. An alternative function
might involve modulation of initial cell aggregation and/
or apoptosis at an earlier stage in lumen initiation

(fig. 1).
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Experiments to assess the functional role of P2X; re-
ceptors in cyst development have been performed in vitro
using a 3-dimensional suspension model of cyst develop-
ment derived from the cpk/cpk mouse, in which cysts
form from an initial suspension of cell aggregates over a
period of hours [26]. Intriguingly, exposure of dissociated
3-week-old cpk/cpk kidneys to agonists of the P2X; recep-
tor results in a significant reduction in the numbers of
cysts after 24 h, which can be markedly diminished by
pre-incubation of tissue with the P2X; receptor antago-
nist oxidized ATP. Additional supportive evidence that
this is P2X;-mediated, rather than an effect of other co-
expressed P2 receptors, is that the P2X; ligand BZATP
has a much greater cyst-reducing effect than other nucle-
otides, such as ATP and UTP [26]. Attempts to define the
mechanisms by which P2X; receptors mediate this reduc-
tion in cyst formation in vitro have so far found no sig-
nificant alteration in markers of cell turnover, prolifera-
tion or apoptosis, supporting an alternative role for the
receptor in this model. Ultimately, the biological impor-
tance of this in vitro effect could be tested by observing
the frequency and severity of renal cysts in offspring of
crosses between the P2X; knockout and cpk/cpk mice.

Conclusion

The current literature describes the presence of this
unique P2X molecule in various cell types of the urinary
tract, and leads to some interesting proposals as to the

References

» 1 Burnstock G: Purinergic nerves. Pharmacol P 8
Rev 1972;24:509-581.

2 Burnstock G, Kennedy C: Is there a basis for
distinguishing two types of P2-purinoceptor?
Gen Pharmacol 1985;16:433-440.

3 Abbracchio MP, Burnstock G: Purinoceptors:
Are there families of P2X and P2Y purinocep-
tors? Pharmacol Ther 1994;64:445-475.

4 Ralevic V, Burnstock G: Receptors for purines

> 9

function on the P2X receptor in the kidney. Work is cur-
rently underway to determine whether these receptors are
functional in vivo and if so, to determine which of the
receptors’ many biological effects are important.

Recent identification of a common polymorphism in
the P2X; receptor C-terminus in the human population,
which not only alters receptor function, but also disease
progression in chronic lymphocytic leukemia, is the first
evidence for a potentially functional role of the P2X; re-
ceptor in human disease [18]. Identification of P2X; re-
ceptor-mediated functions in the kidney, particularly in
the context of disease, may lead to the discovery of new
therapeutic targets: manipulation of ATP signaling might
be utilized to alter cyst expansion, and if the P2X recep-
tor has a role in cell death, this pathway could be targeted
to reduce loss of functioning renal tissue in a wide range
of pathological renal conditions.

Acknowledgements

K.A.H. thanks the National Kidney Research Foundation for
Research Training Fellowship support (TF7/1999). R.J.U. thanks
the St. Peter’s Trust, Medical Research Council and Wellcome
Trust for support.

Surprenant A, Rassendren F, Kawashima E, » 12 Chiozzi P, Murgia M, Falzoni S, Ferrari D, Di
North RA, Buell G: The cytolytic P2Z receptor
for extracellular ATP identified as a P2X re-
ceptor (P2X7). Science 1996;272:735-738.
Solini A, Chiozzi P, Morelli A, Fellin R, Di
Virgilio F: Human primary fibroblasts in vitro » 13 Ferrari D, Chiozzi P, Falzoni S, Dal Susino M,
express a purinergic P2X7 receptor coupled to
ion fluxes, microvesicle formation and IL-6 re-
lease. J Cell Sci 1999;112:297-305.

Virgilio F: Role of the purinergic P2Z receptor
in spontaneous cell death in J774 macrophage
cultures. Biochem Biophys Res Commun
1996;218:176-181.

Collo G, Buell G, Di Virgilio F: ATP-mediated
cytotoxicity in microglial cells. Neuropharma-
cology 1997;36:1295-1301.

and pyrimidines. Pharmacol Rev 1998;50: 10 Coutinho-Silva R, Persechini PM, Bisaggio 14 Schulze-Lohoff E, Hugo C, Rost S, Arnold S,

413-492.

5 Mano I, Driscoll M: DEG/ENaC channels: A
touchy superfamily that watches its salt. Bioes-
says 1999;21:568-578.

6 Chan CM, Unwin RJ, Burnstock G: Potential Cl1147.

functional roles of extracellular ATP in kidney P11 Peng L, Bradley CJ, Wiley JS: P2Z purinocep-
tor, a special receptor for apoptosis induced by
ATP in human leukemic lymphocytes. Chin
Med J (Engl) 1999;112:356-362.

and urinary tract. Exp Nephrol 1998;6:200-
207.

7 Di Virgilio F: The P2Z purinoceptor: An in-
triguing role in immunity, inflammation and
cell death. Immunol Today 1995;16:524-
528.

P2X; and the Kidney

RD, Perfettini JL, Neto AC, Kanellopoulos
JM, Motta-Ly I, Dautry-Varsat A, Ojcius DM:
P27Z/P2X7 receptor-dependent apoptosis of
dendritic cells. Am J Physiol 1999;276:C1139-

Gruber A, Brune B, Sterzel RB: Extracellular
ATP causes apoptosis and necrosis of cultured
mesangial cells via P2Z/P2X7 receptors. Am J
Physiol 1998;275:F962-F971.

» 15 Hillman KA, Harada H, Chan CM, Townsend-
Nicholson A, Moss SE, Miyamoto K, Suketa
Y, Burnstock G, Unwin RJ, Dunn PM: Chick-
en DT40 cells stably transfected with the rat
P2X(7) receptor ion channel: A system suitable
for the study of purine receptor-mediated cell
death. Biochem Pharmacol 2003;66:415-424.

Nephron Exp Nephrol 2005;101:¢24-¢30 e29



»16

»17

> 18

»19

»20

»21

»22

Baricordi OR, Melchiorri L, Adinolfi E, Fal-
zoni S, Chiozzi P, Buell G, Di Virgilio F: In-
creased proliferation rate of lymphoid cells
transfected with the P2X(7) ATP receptor. J
Biol Chem 1999;274:33206-33208.

Gu BJ, Zhang W, Worthington RA, Sluyter R,
Dao-Ung P, Petrou S, Barden JA, Wiley JS: A
Glu-496 to Ala polymorphism leads to loss of
function of the human P2X7 receptor. J Biol
Chem 2001;276:11135-11142.

Wiley JS, Dao-Ung LP, Gu BJ, Sluyter R, Sh-
emon AN, Li C, Taper J, Gallo J, Manoharan
A: Aloss-of-function polymorphic mutation in
the cytolytic P2X7 receptor gene and chronic
lymphocytic leukaemia: A molecular study.
Lancet 2002;359:1114-1119.

Adinolfi E, Melchiorri L, Falzoni S, Chiozzi P,
Morelli A, Tieghi A, Cuneo A, Castoldi G, Di
Virgilio F, Baricordi OR: P2X7 receptor ex-
pression in evolutive and indolent forms of
chronic B lymphocytic leukemia. Blood 2002;
99:706-708.

Zhang XJ, Zheng GG, Ma XT, Yang YH, Li
G, Rao Q, Nie K, Wu KF: Expression of P2X7
in human hematopoietic cell lines and leuke-
mia patients. Leuk Res 2004;28:1313-1322.
Rassendren F, Buell GN, Virginio C, Collo G,
North RA, Surprenant A: The permeabilizing
ATP receptor, P2X7. Cloning and expression
of a human ¢cDNA. J Biol Chem 1997;272:
5482-5486.

Harada H, Chan CM, Loesch A, Unwin R,
Burnstock G: Induction of proliferation and
apoptotic cell death via P2Y and P2X recep-
tors, respectively, in rat glomerular mesangial
cells. Kidney Int 2000;57:949-958.

23

»24

» 25

»26

»27

28

»29

30

31

Fischer KG, Saueressig U, Jacobshagen C,
Wichelmann A, Pavenstadt H: Extracellular
nucleotides regulate cellular functions of podo-
cytes in culture. Am J Physiol Renal Physiol
2001;281:F1075-F1081.

Lee HY, Bardini M, Burnstock G: Distribution
of P2X receptors in the urinary bladder and the
ureter of the rat. J Urol 2000;163:2002-2007.
Hillman KA, Johnson TM, Winyard PJ, Burn-
stock G, Unwin RJ, Woolf AS: P2X(7) recep-
tors are expressed during mouse nephrogenesis
and in collecting duct cysts of the cpk/cpk
mouse. Exp Nephrol 2002;10:34-42.

Hillman KA, Woolf AS, Johnson TM, Wade
A, Unwin RJ, Winyard PJ: The P2X(7) ATP
receptor modulates renal cyst development in
vitro. Biochem Biophys Res Commun 2004;
322:434-439.

Bodin P, Burnstock G: Purinergic signalling:
ATP release. Neurochem Res 2001;26:959-
969.

Schwiebert EM, Kishore BK: Extracellular nu-
cleotide signaling along the renal epithelium.
Am J Physiol Renal Physiol 2001;280:F945-
F963.

Wilson PD, Hovater JS, Casey CC, Fortenber-
ry JA, Schwiebert EM: ATP release mecha-
nisms in primary cultures of epithelia derived
from the cysts of polycystic kidneys. J Am Soc
Nephrol 1999;10:218-229.

Shirley DG, Vekaria RM, Unwin RJ: Proximal
and distal tubular fluid ATP concentrations in
vivo. J Am Soc Nephrol 2003;14:553A.
Taylor AL, Kudlow BA, Marrs KL, Gruenert
DC, Guggino WB, Schwiebert EM: Biolumi-
nescence detection of ATP release mechanisms
in epithelia. Am J Physiol 1998;275:C1391-
C1406.

e30

Nephron Exp Nephrol 2005;101:¢24-e30

» 32

33

» 34

» 35

» 36

» 37

» 38

» 39

Bell PD, Lapointe JY, Sabirov R, Hayashi S,
Peti-Peterdi J, Manabe K, Kovacs G, Okada
Y: Macula densa cell signaling involves ATP
release through a maxi anion channel. Proc
Natl Acad Sci USA 2003;100:4322-4327.
Turner JT, Weisman GA, Landon LA, Park M,
Camden JM: Salivary gland nucleotide recep-
tors: evidence for functional expression of both
P2X and P2Y subtypes. Eur J Morphol 1998;
36(suppl):170-175.

Deetjen P, Thomas J, Lehrmann H, Kim SJ,
Leipziger J: The luminal P2Y receptor in the
isolated perfused mouse cortical collecting
duct. J Am Soc Nephrol 2000;11:1798-1806.
Vonend O, Turner CM, Chan CM, Loesch A,
Dell’Anna GC, Srai KS, Burnstock G, Unwin
RJ: Glomerular expression of the ATP-sensi-
tive P2X receptor in diabetic and hypertensive
rat models. Kidney Int 2004;66:157-166.
Baker AJ, Mooney A, Hughes J, Lombardi D,
Johnson RJ, Savill J: Mesangial cell apoptosis:
The major mechanism for resolution of glo-
merular hypercellularity in experimental me-
sangial proliferative nephritis. J Clin Invest
1994;94:2105-2116.

Lanoix J, D’Agati V, Szabolcs M, Trudel M:
Dysregulation of cellular proliferation and
apoptosis mediates human autosomal domi-
nant polycystic kidney disease. Oncogene
1996;13:1153-1160.

Woo D: Apoptosis and loss of renal tissue in
polycystic kidney diseases. N Engl J Med 1995;
333:18-25.

Vonend O, Oberhauser V, von Kugelgen I,
Apel TW, Amann K, Ritz E, Rump LC: ATP
release in human kidney cortex and its mito-
genic effects in visceral glomerular epithelial
cells. Kidney Int 2002;61:1617-1626.

Hillman/Burnstock/Unwin





