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Introduction

P2 receptors are expressed in a broad range of tissues and play important roles in
many physiclogical and pathological processes. The main activating ligands in vivo
are extracellular ATP, ADP, UTP, and UDP. Sources of these extracellular
nucleotides include degranulating macrophages, excitatory neurons, injured cells,
and cells undergoing mechanical or oxidative stress. P2 receptors are subdivided
into two distinct categories, the metabotropic G protein-coupled (P2Y) receptors
and the ionotropic ligand-gated channel (P2X) receptors. To date, 7 P2X and 8 P2Y
receptor subtypes have been identified by molecular cloning and pharmacological
characterization, leading to a greater understanding of the diversity of signal
transduction pathways coupled to P2X and P2Y receptors in different sysiems. In
addition, responses coupled to the activation of different P2X and P2Y receptors
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have now been associated with a varicty of pathological and physiological
processes, including inflammation, platelet aggregation, bone resorption, pain,
neurodegeneration, neurotransmission, wound healing, vascular tone, carcino-
genesis, apoptosis, and angiogenesis. These findings suggest that P2X and P2Y
receptors may be promising pharmacofogical targets in the treatment of diseases,
including atherosclerosis, cystic fibrosis, Alzheimer’s disease, Parkinson’s disease,
and autoimmune diseases.

P2X receptors

P2X receptors are ATP-gated ion channels that were first cloned from excitable cells
and then found in various tissues and cell types, such as neurons, glial cells, smooth
muscle cells, endothetia, and epithelia (Dubyak and el-Moatassim, 1993; North,
1996). These receptors mediate fast membrane depolarization and increased trans-
membrane permeability of cations {Na', K, and Ca™). Since the isolation of the
cDNA for the first P2X receptor in [994, seven P2X receptor subunits have been
cloned and named, P2X, P2X, P2X  P2X P2X,, P2X and P2X, (see Table 9.1).

MGOLECULAR STRUCTURE OF P2X RECEPTORS

Hydrophobicity plots of all P2X receptors predict a structure for a transmembrane
protein with two membranc-spanning domains and N- and C-termini projecting into
the cytoplasm (see Figire 9.1). The predicted P2X receptor proteins have 397 to 471
amino acids (except for the P2X_ receptor that is comprised of 595 amino acids) with
their two hydrophebic transmembrane domains separated by a large hydrophilic
extraceilular loop. The extracelluar domain of the seven P2X receptor subtypes is
cnriched in conserved amino acid residues, including 10 cysteines, i3 glycines, and
2-6 asparagines that may serve as N-linked glycosylation sites (Brake er af., 1994;
Valera ef al., 1994; North, 1996; Ralevic and Burnstock, 1998). Disulifide bonds in
the extracellular loops of P2X receptors likely form structural constraints necessary
for the coupling of ATP binding to ion channel activity (Newholt er al., 1998; Jiang
et al., 2000: Ennion and Evans, 2002}. Individual subunits of P2X receptors do not
form ion channels as monomers but rather as oligomers (both homo- and hetero-
multimers). Six homo-multimers (P2X . P2X,, P2X,, P2X, P2X_, P2X) and three
hetero-multimers (P2ZX/P2X |, P2X /P2X , P2X /P2X.) have been functionally char-
acterized (reviewed by North and Surprenant, 2000; see Table 9.1). The exception is
the P2X, receplor, which only forms homo-multimers (Torres ef al., 1999). Although
the subunit steichiometry of P2X oligomers is unclear, P2X /P2X_ hetero-multimers
expressed in cocytes have been isolated as trimers under non-denaturing conditions
(Nicke er al., 1998). 1t was reported also that P2X, receptors exist as monomers in
brain glia and/or astrocytes (Kim et al.. 2001b}. Further research is necessary (o
define the functional monomeric and oligomeric forms of P2X receptors.

P2X, receptors are distinct among P2X receptors in that they can form both
cationic channels and non-selective pores that allow the passage of small, normally
membrane-impermeable molecules (Erb et af., [990: Surprenanteral., 1996; Virginio
et al., 1999), including nucleotides, quinolinium,4-[{3-methyl-2-(3H)-
benzoxazolylidene)methyl}-1-[3-(tricthylammonio)propy!]di-iodide (YO-PRQ), and



173

in health and disease

eceptors in

P27

0 22 RERN 00T 79 40 UBLGY) 4, 666] 7 ke (RSl
s 02 3URYD L U0AGE]1 Y661 TP 42 LUNUMIOD L0661 T/ A7 UDANSN

S pR e Y E6R1 P e BN

LOGL " BLEGY "4 e

100 "7 42 URLLAMI S 0007 7P &7 S10qUIBYD
100 7 i m:nzN 00T e i ._32_5:3‘_ LGO6G] T LGOT TS WNWIIIOD) DL LRG| A ?ﬁﬁcz

JEOOT 7P 22 DIDACIGGY L0079 &8 MEOLB[N L T00T 79 47 BuByy o,

GOHGL T 4 UBLIRG)

WL RLIED) L GG 72 /7 WOWS S G661 /0 0 STPURIE LpGGL 78 /7 O0EIE LGGGT T77 42 0108 L,CG6| "7 4 sueag L0661 7 £ 1smyBuory 5, 9a61 LS661 " FE61 /7 42 v

pauapIon OSORERE-d 1N < 95000 8-JC101 GLSTTO NN e ey Mrzd

@UWRINS ‘SAVEd “NINIE669DAV  wewd LV < dAV < dGVSINT = dLVSINE FER9LTT NN et uginy :>m&

G} WITE66SD-UY “inueing wd0V < dGVSINT = dLYSIWL 9L89L1 TN "SRLTTOTINN oSO T2 R “ATd

gellueins wdlLV < dLVEH < ShALY 06500 N guruny "ATd

HUIRINS ‘SOVdd wddV < dL{1 < ddn OLEOLI TN "LGLOLTT NN RLARIE L "Aid

wSAVdd wad ¥ < dLi §95Z00 N o RSNCUL e Liewuny ‘Atd

g ULIRINS SALNEGS <LV = < di 120901 IWNTFISTO0 AN CL09LI N ¢ wouDied “asnow e upwny "Atd

o WIS *SAVdd SdSdEY ALV < ddV < dOVEINT £65TO0 NN DSTOUE T URILInY 'Rzd

AsoSeue 5A125[08 00 acdLyow-gn ALy - wedf¥id

s dLV-ANL s adLvow-gia < g1y - - “Xzdf'Xtd

rrod LV -dNL 'SAVdd “€T04N wod LY2W-g0 "div - ~ 'Xudf Xt

sevesrired LY-dNL ‘dLVO 'SAVdd ‘uumins seeend LYW < diY < d1vrl LTFLLT N "T9STO0 NN SOSNOW R LuBuny Xid
- - 10S96F WY w1 {pampord) uvurny “xTd

=SAVdd ‘uwems orndLVEH < dlvow-gn < d1v {ynaipaon snunay 08L080 AN oI®d Xtd

wrer-sered LY dNL ET0IN oo W LYZE < dLVIW-D < 1V 89CCLTTINN "L9CSLTTIAN (095 TU0T AN pros BB URERY Xtd

adl¥-dNL "€20dN 'SGVdd uiuemns wnd VAW JLY GEETO0TINN prg BT Ry V,Kmn_

gy d LV -dN TETOAN (LYY "§Qvdd wwems LALVAU-GI0 < JLVEH < d1V {snofdanton s §95EC0T NN ) ”er_
dLV-dNL "€TCAN ‘dLve "SQvdd ‘wuwens dlvEg < dLven-gn 41y 8ECTO0 NN (IWOOUL TR vy XTd
JDGUNN] HOISSI0Y sadfiyms

sisiuodeiny sisuosy Jueguan satadg soudanoy

ABopooeuneyd pue sadAigns

soydadar ¢d pauol) ‘i JIqBL



174 G.A. WEISMAN ef al.

ethidium®. Repeated or prolonged activation of P2X, receptors promotes the transi-
tion from ion channel to non-selective pore and it was proposed that this transition
is the result of successive oligomerization of P2X, receptor subunits (Cockeroft and
Gomperts, 1979; di Virgilio, 1995; Surprenant, 1996; Collo er al., 1997; di Virgilio
et al., 1998). P2X receptors have an intracellular C-terminal tail of 235 amino acids
that is at least 120 amino acids longer than any other P2X receptor subunit. It is
believed that the long C-terminal tail of the P2X receptor regulates receptor func-
tion and ceilular localization (Denlinger ¢r al., 2003; Wiley er al., 2003; le Stunff ¢/
al., 2004). Large-scale proteomic analysis has identified a number of putative
protein:protein interactions involving the C-terminal tail of P2X receptors (Kim et
al., 2001a). Importantly, P2X_ receptors interact via their C-terminus with epithelial
membrane protein-2 (EMP-2), which is involved in membrane blebbing (Wilson ef
al., 2002). Swdies have identified P2X_ receptor polymorphisms of the C-terminal
tail that impair receptor function and trafficking (Gu ef al., 2001 ; Wiley et al., 2003;
le Stunff et al., 2004; Stuyter er al.. 2004). Furthermore, C-terminal truncation of the
P2X. receptor (595 residues) at amino acid Phe™ completely abolished pore
formation measured by ethidium® uptake, while truncation at amino acid Pro™ did
not affect ethidium® uptake significantly. Therefore, P2X, receptor function is
dependent on the integrity of the distal C-terminal tail. Truncations at positions
between amino acids 551 and 581 inhibited the cell surface expression of the P2X
receptor (Smart ef al., 2003).

PHARMACOLOGICAL PROFILES OF P2X RECEPTORS

The pharmacological characteristics of individual P2X receptor subtypes were
determined in studies using recombinant P2X receptors expressed in heterologous
cell lines. Activation of P2X receptors can be detected by monitoring increases in
the intracellular calcium ion concentration, {Caz*}i, due to calcium uptake. which
usually eccurs within a few milliseconds of ATP stimulation.

The kinetics and sensitivity of P2X receplors to nucleotide agonists and antago-
nists varies among P2X receptor subtypes (see Table 9.7). P2X receptors are aclivated
by o,B-meATP or ATP and rapidly desensitize, whereas P2X, receptors are not
activated by o,f-me ATP and do not underge agonist-induced desensitization (Brake
et al., 1994; Valera er al., [994). P2X, receptors can be activated by ATP and o, -
meATP (less than § pM), similar to PZX; receptors. However, Ap3A (diadenosine
triphosphate) preferentiaity activates P2X rather than P2X, (Wildman ef al., 1999).
PZX, can be discriminated from P2X, also by using a selective inhibitor NFO23 that
is 40 times more potent at P2X, (Soto et al., 1999). P2X, and PIX_ receptors are
activated by ATP, but are usually insensitive to o, -meATP (Bo er al., 1995; Sézuéla
eral., 1996). In contrast, PZX“ receptors were unable to form currents in response to
ATP when expressed in oocytes (Collo er al.. 1996). PZX receptors are activated by
2~ and 3-0-{4-benzoylbenzoyh)- ATP (BzATP) more effectively than ATP (Gonzalez
et al., 1989; Erb er al., 1990; el-Moatassim and Duhyak, 1992; McMillian er «f.,
1993; Nuttle er al., 1993; Soltoff ef al.. 1993). Oxidized ATP is a potent irreversible
antagonist of P2X receptors when it is preincubated with cells for 1 or 2 hours;
however, it blocks P2X, and PZX, receptor activilies at similar concentrations
(Evans er al., 1995).
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It was first assumed that the homo-multimers mentioned above are the main
functional forms of P2X receptors in vive, In addition to measuring the cxpression of
different P2X receptor subtypes by reverse transcriptase PCR and immunoblotting
with specific P2X receptor antibodies, the identity of endogenously expressed P2X
receplors was usually determined by comparison to the properties of recombinant
P2X receptors expressed in heterologous cell systems. However, it is not always
straightforward 1o compare the properties of recombinant P2X receptors with those
of endogenous receptors, in part due to the co-expression of multiple P2 receptor
subtypes in some tissue and cell types. For example, P2X , , | receptors are expressed
in rat sensory neurons. The P2X receptors in sensory neurons mediate ATP-induced
currenis that also are activated by o,-meATP but do not desensitize, which is
distinctive from the properties of any homoemeric recombinant P2X receptor subtype
(Lewis et al., 1995). However, this pharmacological profile is mimicked by co-
expression of PZX, and P2X, receptor cDNAs in HEK293 cells (Lewis et al., 1995). It
was found that these unigue properties were due to the assembly of P2X/P2X,
receptor hetero-multimers (Lewis et al., 1995), which was supported by the immuno-
fluorescence co-localization and co-immunoprecipitation of these two receptor
subunits (Torres er al., 1999).

The discovery of P2X,/P2X, receptor hetero-multimers in neurons provided sig-
nificant insight into the composmon of P2X receptors in other tissues and cell types.
Although multiple P2X receptor subtypes are expressed in many ceil types, not all
subunit combinations are tolerated. To date. three hetero-multimers of P2X receptors,
P2X./P2X,, P2X /P2X,, and P2X /P2ZX , have been functionally characterized in
heteroiogous expression systems (Lewis er al., 1995: Radford et al., 1997; Le et al.,
1998, 1999: Torres ef al., 1998; Khakh er al., 1999). although other combinations
have been detected by co-immunoprecipitation analysis, with the exception of P2X,
receptors {Torres ef al., 1999), P2X /P2X, hetero-multimers having distinct
pharmacology as compared to P2X, and P’?X homo-multimers. P2X. homo-
multimers are not activated by o.f- meATP, whcrcas P2X, homo- multimers are
desensitized by o,B-meATP within milliseconds. Howevet P2X /P2X, hetero-
multimers are activated by ¢, 3-meATP and do not desensitize rapidly (Blanchi etal.,

1999). Similarly, P2X, receptors are rapidly desensitized by o,B-meATP, and P2X,
receptors are not activated by o,3-meATP, but P2X /P2X, hetero-multimers undergo
sustained activation by o.p-meATP (Torres ef al., 1998, L& et al., 1999). P2X /P2X
hetero-multimers have been reported in oocytes where o.fi-meATP is about 12%
mere potent than ATP, measured as maximal current elicited. For P2X homo-
multimers, this value is about 7% (L& er al., 1998).

SIGNALLING PATHWAYS ACTIVATED BY P2X RECEPTORS

P2X receptors are relatively low-affinity receptors that are activated by high concen-
trations of ATP (EC_, for ATP: {-100 uM). Activation of P2X receptors by
extracellular ATP or other agonists opens an ion channel that can mediate the influx
of sodium as well as calcium, and the efflux of potassium, leading to depolarization
of the cell membrane (Bean, 1992; Dubyak and el-Moatassim, 1993; North, 1996},
Membrane depolarization subsequently activates voltage-gated calcium channels.

The modulation of intracellular cation homeostasis activates various intraceliuiar
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signalling molecules, including MAPK, ERK1/2, and p38. Although the detailed
signalling mechanisms for P2X receptors have not been established, it seems that
these receptors are involved in a broad range of functions. For example, stimulation
of PZX, receptors can activate p38 and Rho kinase, both of which are required for
P2X. receptor-mediated actin cytoskeletal rearrangements and membrane blebbing
in HEK?293 cells, responses that were insensitive to the MEK1/2 inhibiter, U0126
(Morelli er al., 2003; Verhoef er al., 2003; Pfeiffer et al., 2004).

Activation of P2X receptor signalling pathways can have proinflammatory effects
in the central nervous system through stimulation of the synthesis and secretion of
cytokines. For example, activation of P2X_ receptors in BACI murine macrophages
causes IL-1[ release, independent of RhoA activation and formation of membrane
blebs (Verhoef er al., 2003). In macrophages treated with lipopelysaccharides,
activation of P2X, receptors results in the elevation of the levels of mRNA for
inducible NOS (iNOS) and tumour necrosis factor-o (TNF-o1) (Tonetti er al., 1994,
[995; Hu er al., 1998). Sequence analysis of the iINOS gene promoter has identified
an element that potentially binds NF-xB, a transcription factor known to be acti-
vated via P2X, receptors in a variety of systems (Budagian ef al., 2003; Aga ef ol.,
2004: Korcok er al., 2004). Other transcription factors that could be activated by
P2X receptor signalling pathways include AP-1 and Egr-1 (Gerasimovskaya ef al.,
2002; Budagian et al., 2003). Further work is required to define the specific P2X
receptor signal transduction pathways that lead to (ranscriptional activation in
different cells and tissues.

FHYSIOLOGICAL RESPONSES TO P2X RECEPTOR ACTIVATION

In the nervous system, nucleotides are released from neurons in response to excita-
tion or injury. It is well documented that various P2X receptor subtypes are expressed
in the brain and the peripheral nervous system (Evans ef ol., 1992; Harms er al.,
1992; Silinsky ef al., 1992; Tschopl er al., 1992; Chen er al., 1994; Hiruma and
Bourque, 1995; Nabekura er al., 1995). These receptors may carry out important
functions in the nervous system, such as mediating fast synaptic transmission in
dorsal horn neurons (Bardoni ef al., 1997), causing release of proinflammatory
factors (Majid ef al., 1992, 1993; Nakazawa and Inoue, 1992), and generation of
pain signals (reviewed by Ralevic and Burnstock, [998). Studies have suggested
that P2X receptors may play a role in the pathophysiolegy of Parkinson’s disease,
Alzheimer's disease, and multiple sclerosis. although the relationship of specific
P2X receptor subtypes has not been firmly established. In a transgenic mouse model
of Alzheimer’s disease (Tg2576), P2X, receptor protein is up-regulated in microglial
cells and astrocytes around amyloid plaques. as compared to age-matched controls
(Parvathenani e al., 2003). Activation of P2X_ receptors by ATP or BzATP in
primary rat microgiial cells causes release of reactive oxygen species, such as
superoxide (O,"). This effect was suppressed by PPADS and oxidized ATP, P2X_
receptor antagonists. and by inhibitors of p38 and phosphatidylinositol 3-kinase,
but not by inhibitors of MAPK (Parvathenani ef al., 2003). Activation of P2X_
receptors in BV-2 microgial cells enhanced the effect of interferon-y on the up-
regulation of iINOS and production of NO (Gendron et al., 2003), suggesting that
P2X_ receptors can promote glial cel} activation associated with the pathology of
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neurodegenerative diseases. The C-terminal tail of P2X, receptors may play an
important role in neuronal apoptosis. Substitution of proline 451 with leucine in the
C-terminal domain of the PZX_ receptor prevented ATP-induced cell death (le Stuni(
et al., 2004). R378E/K579E double mutations in the C-terminal region also caused
defective P2X, receptor transport to the cell membrane in HEK293 cells (Denlinger
et al., 2003). Similarly, I56BN polymorphism in the C-terminus resulted in decreased
P2X, receptor expression on the cell surface (Wiley er al., 2003).

There is evidence also that P2X receptors play key roles in cardiovascular func-
tion. PZX receptors (P2X and P2X,) are abundantly expressed in vascular endothelial
cells of the umbilical vein, aorta, and pulmonary artery (Schwiebert e al., 2002). In
vascular smooth muscle cells, P2X receptors (P2X, and P2X ) mediate vasoconstric-
tion resulting from extracellular ATP release from nerves and aggregating platelets,
which serves 1o counteract the effects of P2Y receptor-mediated vasodilation (see
below: Phillips et al., 1998). In human umbilical vein endothelial cells (HUVEQ),
P2X receptors mediate the release of ATP (Schwicbert er af., 2002). Furthermore,
treatment of HUVEC with P2X antisense oligonucleotide significantly reduced
ATP-induced caleium influx (Yamamoto ef af., 2000), suggesting that the P2X,
receptor is the main functional P2X receptor in these cells. In chronic shear stress,
P2X, receplor mRNA is down-regulated by a mechanism invelving transcription
factor Spl, providing a means to prevent the deleterious effects of prolonged P2X
receplor activation (Yamamoto ef af., 2000, 2003},

In addition to vascular cells, P2X receptors (P2X and P2X)) also regulate func-
tions of blood-derived cells. Activation of P2X receptors on monocytes/macrophages
augments release of proinflammatory cytokines, such as LPS-dependent production
of NO and expression of iNOS (Tonetti ef al., 1994, 1995; Denlinger ef al., 1996; Hu
er af., 1998) that cause immune cell activation, an early step in atherosclerotic lesion
development. The P2X receptor antagonists, oATP and PPADS, have been shown to
inhibit the effects of ATP on NO release, and the activation of NF-kB and MAPK in
macrophages. However, oATP and PPADS had no effect on UTP-stimulated MAPK
activation (Hu ez af., 1998). 1t has been reported that PZX receptar activation can
affect the shedding of cell adheston molecules, such as L-selectin and CD23 on B
lymphocytes, a characteristic of chronie lymphocytic leukaemia (Gu ef al., 1998).

3

P2Y receptors

P2Y receptors for purine and pyrimidine nucleotides belong to the superfamily of G
protein-coupled receptors (GPCR) comprised of seven transmembrane domains (sce
Figure 9.7). Currently. eight mammalian P2Y receptor subtypes have been cloned
and characterized in heterologous expression systems: P’lYI, PZYZ, P2Y , P2Y,,
P2Y . P2Y ,, P2Y . and P2Y | receptors (see Table 9./). Human P2Y receptors
consist of 328(!’2‘(6) {0 377(P2Y2} amino acids with glycosylation sites in the
extracellular N-terminal domains.

MOLECULAR STRUCTURE

Although all P2Y receptors share a seven transmembrane domain tertiary structure,
the amino acid sequences, pharmacological profiles, and signal transduction
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P2X P2Y

Figure 9.1. Structure of P2X and P2Y receptors.

pathways of these G protein-coupled receptors vary significantly. Using rhodopsin
as a templaie, models of the P2Y | and P2Y, receptor ligand binding sites have been
praduced that indicate the presence of several positively charged amino acids in
highly conserved transmembrane regions 3. 6, and 7 that could act as counterions for
the binding of negatively charged nucleotide ligands (Erb er af., 1995; van Rhee ef
al., 1995). Caonsistent with this conclusion, site-mutagenesis of the P2Y, receptar to
replace positively charged amino acid residues in transmembrane regions 6 and 7
with peutral amino acids produced receptors with dramatically altered agonist
potencies, as compared to the wild-type P2Y, receptor (Erb er al., 1995). These
positively charged amino acids are found in domains 6 and 7 of all P2Y receptors
cloned to date. Beyond these similarities in structure, P2Y receptors vary signifi-
cantly in pharmacological and physiological properties and, therefore, each receptor
subtype will be considered separately.

P2Y, RECEPTGRS

P2Y, receptor cDNA was first cloned from chick brain (Webb er ¢/, 1993), and the
human P2Y | receptor, when expressed in Jurkat cells, is activated selectively by
adenine nucleotides with a rank order of agonist potency of 2MeSADP > ADP (Leon
ef al., 1997). ATP also acts as a potent agonist in P2Y | receptor-transfected COS-7
cells (Janssens er ¢l., [996). The human P2Y | receptor gene has been localized to
region q25 of chromosome 3 (Ayyanathan er al., 1996). P2Y | receptors are coupled
to G protein activation, which results in {P_ generation and the mobilization of
intracellular Ca* from intracellular storage sites (Simon ef al., 1995).

P2Y, receptors arc widely distributed in brain, placenta, prostate, heart, skeletal
muscle, neuronal tissue, and platelets, but barely detectable in human liver, kidney,
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stomach, bone marrow, and lymphocytes (Moore et al., 2001). P2Y, receptor and
P2Y -like receptor activation in smooth muscle cells and vascular endothelium
regulates smooth muscle refaxation and the release of endothelium-derived relaxing
factors (EDRF) and endothelium-derived hyperpolarizing factors (EDHF) (Ralevic
and Burnstock, [998).

In cultured aortic smooth muscle cells, a P2Y -like receptor has been found to
mediate ATP-induced mitogenic effects via PKC, Raf-1, and MAPK, indicating a
role in vascular smooth muscle cell proliferation (Yu er al., 1996). Phenotypic
changes in rat aortic smooth muscle cells are accompanied by P2Y, and P2Y,
receptor mRNA up-reguiation, whereas mRNA for the contractile P2X| receptor is
down-reguiated (Seye et al., 1997; Erlinge et al., 1998). There are abundant sources
for extracellular ATP in the blood vessel wall (Yamamoto er al., 2003) and ATP has
been shown to stimulate mitogenesis in rat, porcine, and bovine vascular smooth
muscle cells (VSMC) and in cells from human coronary arteries, acita, and subcula-
neous arteries and veins, suggesting a possible pathophysiological role of P2Y, and
P2Y, receptors (see below} in the stimulation of smooth muscle cell growth associ-
ated with the development of neointimal formation in atherosclerosis (Seye et al.,
1997, 2002; Erlinge, 1998). P2Y  receptors expressed on platelets regulate platelet
shape and aggregation by mediating ADP-induced increases in [Ca™] (Kunapuli er
al., 2003a). A P2Y receptor-null mouse medel was used to demonstrate that the fack
of P2Y, recepior expression leads to prolonged bleeding times and resistance to
ADP-induced thromboembeolism (Fabre ef «f., 1999 Leon ef al., 1999), consistent
with the role of this receptor in the regulation of platelet aggregation.

Both P2Y, and P2Y, receptor expression is necessary o produce maximal Ca*
wave propagation in spinal astrocyles, indicating a role for co-expression of these
two receptors in gliotransmission in the CNS (Gallagher and Salter, 2003). The PZY,
receptor is also expressed on osteoclasts and osleoblasts, whereupon activation
causes increases in osteoclastic bone resorption, suggesting a potential role for P2Y
receptors in mediating inflammatory bone loss (Hoebertz er al., 2001).

P2Y, RECEPTORS

P2Y receplors have been cloned from human, rat, mouse, and porcine cells or tissues
{Lustig er af., 1993: Parr et al., 1994; Chen ef al., 1996; Shen ef al., 2004). ATP and
UTP are equipolent agonists of the P2Y, receptor, whereas ADP and UDP arc less
effective (Lazarowski ef af., 1995}, The human P2Y | receptor gene has heen mapped
t0ql3.5-14.1 on chromosome 11 (Dasari er al., 1996}. P2Y, receptors couple to both
G, and Gq proteins o mediate the activation of phospholipase Cf, leading 1o the
production of inositoi-1.4.5-trisphosphate (IP,) and diacylglycerol (DAG), second
messengers for calcium release from intracellular storage sites and protein kinase C
(PKC) activation, respectively (Weisman ef al., 1998). P2Y, receptor mRNA s
expressed in human skeletal muscle, heart, brain, spleen, 1y11]ph6cylcs, macrophages,
bone marrow. and lung, with lower levels expressed in liver, stemach, and pancreas
(Moore et al., 2001).

Nucleotides are released during vascular injury from activated platelets and
damaged cells (Schwiebert and Kishore, 2001; Oike er af., 2004). Released ATP and
UTP can activate PZY, receptors in human neutrophils to induce fibrinogen-
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dependent degranulation independent of arachidonic acid metabolites (Meshki et
al., 2004). Activation of P2Y receptors in human keratinocytes, along with other P2
receptors, has been postulated to play a role in the wound healing process (Burrell et
al., 2003; Gretg ef al., 2003a,b).

Functional analysis revealed that activation of P2, receptors in isofated UTP- or
ATP-perfused rat hearts induced pronounced vasodilation of blood vessels (Godecke
et al., 1996), consistent with earlier studies indicating that P2Y | receptor activation
induces relaxation of smooth muscle through the endothelium-dependent relcase of
NO and prostacyelin (Lustig ef al., 1992; Pearson ef al., 1992a,b). Up-regulation of
P2Y, receptors occurs in response to balloon angioplasty (Seye er al., 1997) and
causes intimal hyperplasia in collared rabbit carotid arteries due 10 the stimulation
of smooth muscle cell proliferation and migration (Seye ef af., 2002), suggesting an
important role for P2Y, receptors in the initiation of atherosclerotic lesion forma-
tton. Up-regulation of the P2Y, receptor was also observed in short-term culture (3 h
to 6 days) of normal rat submandibular gland cells (Turner er af., 1997), and in
activaled mouse thymocytes {Koshiba er al., 1997). P2ZY receptor activation also
increases the synthesis of pro-inflamnmatory mediators, such as prostaglandin E2 in
rat astrocytes (Xu er al,, 2003y and the expression of vascular cell adhesion
molecule-1 (VCAM-1) that mediates the adherence of monocytes to vascular
endothelium (Seye et al., 2003), leading to their penctration into the blood vessel
wall to promote arterial inflammation associated with cardiovascular disease (Seye
et al, 2002). Similarly, P2Y, receptor-mediated release of arachidonic acid and
activation of type 2 cyciooxy_gcnasc {COX-2) in astrocyles mediate inflammation
and reactive astrogliosis associated with neuredegenerative diseases, including
Alzheimer’s disease (Brambilla er al., 1999; Brambilla and Abbracchio, 2001).

Recent studies have revealed that a Src homelogy-3 (SH3} binding domain in
the C-terminal tail of the P2Y, receptor promotes the nucleotide-induced associa-
tion of Src with the P2Y, receptor, leading to the transactivation of growth factor
receptors, such as the EGF and VEGF receptors (Liu ef al., 2004: see Figure 9.2), the
pathway that causes up-regulation of VCAM-1 in UTP-treated endothelial cells
i(Seye er al.. 2004). Deletion of the SH3 binding domain inhibits P2Y, receptor-
mediated transactivation of the EGF and VEGF receptors and nucleotide-induced
up-regulation of VCAM-1 (Liu er al, 2004; Seye er af, 2004). In addition, an
integrin-binding domain (Arg-Gly-Asp) in the first extracellular loop of the P2Y,
receptor mediates its association with o, 3, integrins, enabling the coupling of the
P2Y, receptor to GG but not G‘E proteins (Frb et al., 2001, see Figure 9.2). This novel
P2Y, receptorfo 3, integrin interaction was found to regulate UTP-induced actin
cyloskeletal rcarra-ngcme]us and increased cell migration {unpublished data; see
Figure 9.2). Since leukocyte infiltration and migration are key processes involved
in atherosclerosis, these findings suggest that P2Y, receptors represent a novel target
for reducing arterial inflammation associated with cardiovascular disease.

Activation of the P2Y, receptor also increases epithelial cell Cl secretion and
inhibits Na* absorption, an effect that has been explored for ity potential therapeutic
application in the treatient of cystic {ibrosis, a dehydrating disease characterized
by defective C secretion due to genetic mutations in CFTR in airway epithelium
{Clarke and Boucher, 1992; Parr et af., 1994; Kellerman er al., 2002). The role of the
PZY receptor in regulating ion secretion in airway epithelial cells has been
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Figure 9.2. Protein-protein interactions and signalling pathways linked te the P2Y, receptor. The
P2Y, receptor conlains an RGD inlegrin-binding domain that interacts wilh integrins (o B, and
@B that are asseciated with the integrin-associated thrombospondin receptor (CD47). The RGD
domain s necessary for P2Y, receptor-mediated chemotaxis. aclin stress fibre formation. and
coupling 1o signalling pathways invelving Go and RhoA GTPases. Two consensus SH3 binding
sites (PXXPY in the C-terminal tail of the P2Y . receplor bind directly to Sre upon receptor activation
and mediate Src-dependent co-locafization and transzctivation of growth factor receplors that are
required for upregulation of cell adhesion/chemotactic proteins (e.g. VCAM-1). Key abbrevia-
tions used in this diagram are defined in he list of abbreviations.

confirmed in P2Y, receptor knock-out mice (Cressman ef al., 1999). A selective
PEY2 receptar agonist, INS27217, also has been shown to increase chloride and
water secretion in tracheal epithelium, cilia beat [requency. and mucin refease from
human airway epithelium, suggesting a potential treatment for dry eye disease and
cystic fibrosis (Yerxa er gf., 2002). In contrast to these therapeutic eflects, P2Y,
receptors in osteoblasts function as negative modulators of bone remodelling h§
blocking hone formation by osteoblasts (Hochertz er «l.. 2002). Thus, depending
upon the tissue, P2Y, receptor expression and activation can promote deleterious
(e.g. endothelium: smooth muscle; glia; bone) or beneficial (c.g. epithelium)
responses. Clearly. more research is required to fully understand the role of P2Y,
receptors in diseased tissues. i
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P2Y, RECEPTORS

P2Y  receptors have been cloned from human, rat, and mouse (Communt ez al., 1995;
Nguyen er al., 1993; Bogdanov ef al., 1998; Lazarowski et al., 2001). The human
P2Y receptor is selective for UTP in human cells and is not activated by nucleotide
diphosphates. In some cases, the human P2Y  receptor is partially activated by ATP
(Heroid er al., 2004). The human P2Y  receptor gene has been localized to region
g3 of the X chromosome (Nguyen er al., 1995). Functional studies indicate that the
human P2Y receptor can couple to G, during the initial stage of activation (within
30 sec) and to qu at later stages (Communi et al., 1996a). Two serine residues
located in the C-terminal tail of P2Y receptars play a role in receptor phosphory-
lation, desensitization, and internalization (Brinson and Harden, 2001). High levels
of PZY receptor mRNA have been detected in human intestine, pituitary, and brain,
with lower levels expressed in liver and bone marrow (Moore et al., 2001).

P2Y, receptors play physiological roles in the cardiovascular system and in
epithelial ion secretion. PZY, receptors have been shown to regulate mitogenesis in
rat aortic smoath muscle cells (Harper et al., 1998). In addition, P2Y receptors
mediate UTP-induced coniraction of rabbit basifar arteries (Miyagi and Zhang,
2004). Recently, it was shown that P2Y | receptor knock-out mice lost the ability of
UTP and ATP to induce jejunal epithelium CI- secretion (Rebaye et al., 2003},
suggesling a physiological role simifar to that of the P2Y, receptor. Potassium
secretion by vestibular dark cell epithelium is also controlled by apical P2Y,
receptors (Marcus and Scofield, 2001). In the nervous system, it was found that P2,
receptors are coupled to N-type calcium channels, as well as M-type potassium
channels in ral sympathetic neurons {Filippov et al., 2003).

P2Y, RECEPTORS

The UDP-selective P2Yﬁ receptor has been cloned from human, rat, and mouse
(Chang et al., 1995; Communi er al., 1996b; Lazarowski er al., 2001). The human
PZY, receptor gene has been localized 10 chromosomal region 11q13.5 (Somers et
al,, 1997). In 132IN1 astrocytoma cells stably expressing the recombinant P2Y,
receptor, UDP-induced IP, formatton was pertussis toxin-insensilive, suggesting
that the P2Y receptor couples to G, and not o G, proteins (Robaye ez al., 1997).
Activation of the P2Y receptor also leads to accumulation of cAMP. possibly via
UDP-mediated generalion of prostagiandins (Kottgen er al., 2003).

P2Y, receptor mRNA was detected in human spleen, placenta, kidney, lung,
intestine, adipose tissue, bone, heart, and brain (Moore er ¢l., 2001). In the vascula-
ture, P2Y receptors are present in human cerebrat arteries and play a prominent role
in thetr contraction, suggesting a new therapeutic target for the treatment of cerebral
vasospasm (Malmsjo er af., 2003). In rat aortic smooth muscle cells, UDP stimulates
mitogenesis via P2Y, receptors and UDP-induced cell growth is coordinately regu-
lated by phospholipase C. a tyrosine kinase pathway. eicosanoids, and protein
kinase A, responses that are related to the development of cardiovascular disease
{Hou er al., 2002}. In addition, activation of transfected P2Y, receptors in 1321N]
astrocytoma cells protected the cells from tumour necrosis faclor-induced apoptosis
via the protein kinase C pathway, but not from death induced by oxidative or



P2 receptors in health and disease 183

chemical ischaemia (Kim er al., 2003). The mechanism by which P2Y_ receptors
deliver an anti-apoptotic signal while promoting mitogenesis may involve the
ability of P2Y_ receptors to transactivate growth factor receptors that are able to
inhibit apoptosis and promote survival.

Basolateral P2Y, receptors in colonic epithelial cells have been found to mediate
NaCl secretion and activation of CFTR via a cAMP-dependent pathway (Kottgen er
al., 2003). These results suggest that activation of P2Y_ recepiors, along with P2Y,
receptors, may be beneficial in the treatment of cystic fibrosis.

P2Y, RECEPTORS

P2Y,. receptors have been cloned from human placental cDNA and mapped (o
chromosome region 19p13.2 (Communi er al., 1997). ATP and ATPYS can activate
P2Y, receptors expressed in 1321N1 astrocytoma cells or in CHO-K1 cels, leading
t0 PLC-dependent accumulation of IP., and an increase in cAMP levels (Qi ef al.,
2001), with less potency for promoting cAMP than 1P, accumulation. UTP has been
shown recently to be an equipolent agonist to ATP for P2Y  receptor-stimulated
increases in [Ca™] in 1321N1 cells expressing human P2Y | receptors (White ef al..
2003).

P2Y,, receptor mRNA has been detected in human brain, spleen, lymphocytes.
intestine, and other tissues (Moore ef al., 2001). ATP released at sites of
inflammation has been suggested to induce maturation of human monocyte-derived
dendritic cefls (MoDC} via P2Y  receptor-mediated activation of adenylyl cyclase
and protein kinase A (Wilkin er af., 2001). P2Y | receptor activation alse inhibited
MoDC migratien (Schnurr ef al., 2003). Correlated with MoDC maturation, P2Y |
receptor expression is down-regulated in mature MoDC, whereupon ATP becomes a
less effective inhibitor of cell migration (Schourr ef al, 2003). These findings
suggest a new P2Y  receplor-based strategy to increase the migration of focal
dendritic cells from sites of inflammation to activale T cells and trigger an
inflammatory response. Together with P2Y, receptors, P2Y | receptors have been
found to activate Ca*-dependent CI- channels in pancreauc duct epithelial ceils
(PDEC) {Nguyen et ., 2001).

P2Y,. RECEPTORS

P2Y . receptors have been cloned from human, rat, and mouse, and the human P2Y ,
Jeceptm gene has been mapped Lo region 24-25 of chromosome 3 (Hollopeter er a.’
2001: Zhang er al., 2001). P2Y , receptor activation by ADP inhibits for.skolm—
stimulated adenylyl cyclase activity, indicating coupling of the receptor o G,
protein (Zhang et al., 2001). P2Y , receptor mRNA was detected in human brain,
spinal cord, and platelets (Zhang 1 al,, 2001). P2Y , receptor activalion occurs in
response to ADP secreted from platelets stimulated with agonists, such as thrombin,
thromboxane, and collagen (Kunapuli et al., 2003b). ADP is an agonist of both P2Y,
and P2Y , receptors, which play coordinate roles in the regulation of platelet
aoo:eoatmn {Kunapuli er al., 2003b).

A frame-shift mutation in the P2Y , recepior gene may be responsible for a mild
bleeding disorder (Hollopeter ef af., 2001). The role for P2Y , receptors in arterial
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thrombogenesis was confirmed in P2Y , receptor knock-out mice that exhibited
impaired piatelet adhesion to von Willebrand factor (vWT), deceased platelet acti-
vation indicated by less fibrinogen-binding, delayed thrombus growth, and unstable
thrombi in injured arteries (Andre et al.. 2003). Antagonists for P2Y,, receptors have
been developed as clinical antithrombotic agents. One family of these antagonists,
the AR-C compounds, analogues of ATP, have been used exlensively to identify
physiological functions related to P2Y,, receptor activities. For example, rabbits
treated with AR-C69931MX, a P2Y , and P2YI3 receptor antagonist, showed
decreased embolus and thrombus formation but not thrombus stability {van Gestel ef
al.,2003). In a canine coronary electrolytic injury thrombosis model, AR-C6993 1MX
imhibited ADP-mediated platelet aggregation and thrombesis, resulting in pro-
longed reperfusion time and decreased reocclusion (Wang er al., 2003).

P2Y, RECEPTORS

P2Y |, receptors for ATP and ADP have been cloned from human, rat, and mouse
{Commum et al., 2001; Zhang et al., 2002; Fumagalli e af., 2004). The human P2Y ,
receplor has been localized to region 24 of chromosome 3 {Communi er al., 200])
The human P1Y  receptor is coupled to G, protein and has an agonist potency
profile similar to that of the P2Y |, receptor (Zhang et al., 2002}. In I321N1 cells, the
presence of overexpressed Go,, protein was related to P2Y |, receptor-mediated
aclivation of phospholipase C, leading to IP, accumulation (Communt et al., 2001}.
However, this P2Y  receptor-mediated phosphoinositide pathway was inhibited by
pertussis toxin, suggesting a synergism between Go, and G, proteins (Communi e
af., 20013,

Human P2Y  receptor mRNA is expressed in spleen and brain, with lower expres-
sion levels in placenta, lung, liver, spinal cord, thymus, small intestine, ulerus,
stomach, testis, {etal brain, and adrenal gland (Communi ef &/, 2001}, Recent studics
indicate that activationof P2Y | receptors, and probably P2Y, receptors, promotes
inhibition of noradrenaline releaee in the prostatic portion of rat vas deferens (Queiroz
et al., 2003), possibly via the inhibition of Ca* channels (Wirkner er al., 2004),
ADP-induced activation of ERKI is inhibited by the P2Y , and P2Y . receptor
antageonist AR-C69931MX in human monocyte-derived dcndrmc celis, rcsuiuno n
the adenine nucleotide-induced inhibition of inflammatory cytokine production
{Marteau e al., 2003).

P2Y, RECEPTORS

P2Y ., receptors have been cloned from human, rat, and mouse, and the human
receptor gene has been mapped to region 24-25 of chromosome 3, the same region
as the P2Y , receptor (Chambers ef al., 2000; Freeman e/ «f., 2001; Abbracchio er al.,
2003). UDP~ tucese, and some other UDP-sugars, are polent agonists of P2Y
receptors. P2Y | receplors expressed in HEK-293 cells couple to G, but not to G_ or
G it proteins (Moom ef af., 2003). Human P2Y,, receptor mRNA is w:dc]y
dlsmbulcd with predominant expression in placenta, adipose tissue, stomach, and
intestine, and lower expression levels in brain, spleen, lung, and heart (Chambers er

al., 20003}
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P2Y, receptors mediate bone marrow haematopoietic stem cell chemotaxis
induced by UDP-sugars derived from the bone marrow microenvironment, suggest-
ing a role for P2Y , receptor activity in responses to injury, in which stem cells
provide the basic level of repair (Lee et al., 2003). UDP-glucose has been shown to
increase [Ca™] in immature human monocyte-derived dendritic cells but not in
mature dendritic cells, suggesting a role for this receptor in dendritic cell maturation
(Skelton er ad., 2003). The P2Y | receptor is also expressed in the rat brain where its
mRNA can be up-regulated by immunologic challenge with lipopolysaccharide.
suggesting an importart role for P2Y | receptors in UDP-glucose induced responses
refating to neuroimmune function (Moore ef al., 2003).

Summary

In the past ten years since the discovery and cloning of members of the P2 receptor
family. rapid progress has been made in the field regarding the function and pharma-
cology of different P2 receptor subtypes. This research resuited in identifying these
receptors as important players in the pathology of atherosclerosts. cystic fibrosis,
neurodegenerative and autoimmune diseases, among other disorders. The signalling
mechanisms whereby P2 receptors mediate pathogenesis are not clear in most cases,
Future studies in this field will focus on the integration of signalling pathways
coupied to P2 receptors and the generation of specific agonists/antagonists for cach
receplor subtype to provide strategies for the treatment of a variety of diseases.
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