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I. INTRODUCTION

Pamela Holton provided the first hint of a transmitter role for adenosine triphosphate (ATP) in the nervous system by demonstrating release of A TP during antidromic stimulation of sensory nerves (Holton, 1959). Then, in my laboratory in Melbourne in 1970, we proposed that nonadrenergic, noncholinergic (NANC) nerves supplying smooth muscle of the gut and bladder utilized ATP as a neurotransmitter (Burnstock et al., 1970, 1972). The experimental evidence included mimicry of the NANC nerve-mediated

response by ATP; measurement of release of ATP during stimulation of NANC nerves with luciferin-luciferase luminometry; histochemical labeling of subpopulations of neurons in the gut and the bladder with quinacrine, a fluorescent dye known to selectively label high levels of ATP bound to peptides; and the demonstration that the slowly degradable analogue of ATP, (,(-methylene ATP, which produces selective desensitization of the ATP receptor, blocks the responses to NANC nerve stimulation. The term "purinergic" and the evidence for purinergic transmission in a wide variety of systems were presented in an early pharmacological review (Burnstock, 1972).

Implicit in the concept of purinergic neurotransmission is the existence of postjunctional purinergic receptors. A basis for distinguishing two types of purinoceptor, identified as P1 and P2 [for adenosine and ATP/adenosine diphosphate (ADP), respectively], was proposed (Burnstock, 1978), but it was not until 1985 that a basis for distinguishing two types of P2 receptor (P2X and P2Y) was suggested, largely on the basis of pharmacological criteria. Further P2 receptor subtypes followed including a P2T receptor selective for ADP on platelets and a P2Z receptor on macrophages (Gordon,

1986), and a P2U receptor that could recognize pyrimidines such as uridine triphosphate (UTP) as well as ATP (O'Connor et al., 1991). Abbracchio and Burnstock (1994), on the basis of studies of transduction mechanisms (Dubyak, 1991) and the cloning of P2Y (Lustig et al., 1993; Webb et al., 1993) and later P2X purinoceptors (Brake et al., 1994; Valera et al., 1994), proposed that purinoceptors should be considered to belong to two major families: a P2X family of ligand-gated ion channel receptors and a P2Y family of G-protein-coupled purinoceptors. This nomenclature has been widely adopted and currently seven P2X subtypes and about eight P2Y receptor subtypes are recognized (Burnstock, 2001) (Table I). The current consensus is that three P2X subtypes combine either as homomultimers or heteromultimers to form ion pores and there is growing recognition that

heterodimers might form between P2Y receptor subtypes (see Chapter 1 of

this volume (Burnstock, ATP and its metabolites as potent extracellular agonists)). In addition hetero-oligomerization of adenosine Al receptors with P2Y1 receptors in rat brain has been proposed (Yoshioka et al., 2002).
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TABLE I

Comparison of Fast Ionotropic and Slow Metabotropic Receptors for Acetylcholine (ACh), (-Aminobutyric acid (GABA), Glutamate, and 5-Hydroxytryptamine (5-HT) with Those for

Purines and Pyrimidinesa
Receptors

Messenger



Fast ionotropic



Slow metabotropic

ACh

GABA Glutamate

5-HT

ATP



Nicotinic

Muscle type


Neuronal type

GABA A

AMP Ab Kainate NMDAb
5-HT3
P2Xl-7


Muscarinic


M1-M5
GABA B mGlul-mGlu7

5-HT1A-F 

5-HT 2A-C 

5-HT4
5-HT5A-B
5-HT6
5-HT7
P2Y1,  P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14 

aModified from Abbracchio and Burnstock (1998). bAMPA, 2-(aminomethyl)phenylacetic acid; NMDA, N-methyl-D-aspartate. Reproduced with permission from The Japanese Pharmacological Society.

Most studies of fast signaling in the nervous system have been concerned with the role of ATP acting postjunctionally as a transmitter or contrans​mitter (see Burnstock, 1976; 1990a,b), whereas adenosine, after ectoenzy​matic breakdown of released ATP, acts largely as a prejunctional modulator of transmitter release (see Dunwiddie, 1985; Ribeiro, 1995). In addition, there are many examples of the potent long-term (trophic) effects of ATP, UTP, and related compounds on neurons and glial cells (see Neary et al., 1996) and on peripheral nerve, smooth muscle, and epithelial cell proliferation, growth, and differentiation (Fig. 1) (see Abbracchio and Burnstock, 1998).

In this chapter, I will focus on the localization and roles of P2 receptor subtypes in the central nervous system (CNS), as comprehensive reviews of

purinergic signaling in the peripheral nervous system have been published recently (Burnstock, 1996, 1999a, 2000, 2001b,c; Ralevic and Burnstock,

1998; Williams and Burnstock, 1997; Kennedy, 2001; Dunn et al., 2001; King and North, 2000), although reviews on limited aspects of purinergic
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FIGURE 1 Schematic showing the chemical coding of cotransmitters in autonomic, sensory motor, and retinal nerves and in neurons in the CNS. ATP has been shown recently to be a co transmitter with noradrenaline, dopamine, or 5-HT as well as with glutamate. Modified from Burnstock, 1999b.

signaling in the CNS are available (Burnstock, 1977, 1996; Phillis and Wu, 1981; Inoue et al., 1996; Dunwiddie et al., 1996; Gibb and Halliday, 1996; Abbracchio, 1997; Robertson, 1998); the recent reviews by Norenberg and Illes (2000) and by Masino and Dunwiddie (2001) are particularly useful. The recent volume of Progress in Brain Research edited by Illes and Zimmermann also contains valuable articles on both the peripheral and central nervous systems (Illes and Zimmermann, 1999).

11. PERIPHERAL NEUROEFFECTOR TRANSMISSION

A. Sympathetic Nerves

The first hint about sympathetic purinergic cotransmission was in a paper published by Burnstock and Holman, 1962, in which they recorded excitatory junction potentials (EJPs) in smooth muscle cells of the vas deferens in response to stimulation of the hypogastric nerves. Although these junction potentials were blocked by guanethidine, which prevents the release of sympathetic neurotransmitters, we were surprised at the time that adrenoceptor antagonists were ineffective (Burnstock and Holman, 1962). It was over 20 years before selective desensitization of the ATP receptor by (,(-methylene ATP was shown to block the EJPs, when it became clear that we were looking at the responses to ATP as a co transmitter in sympathetic

​
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nerves (Sneddon and Burnstock, 1984). Release of ATP was shown to be abolished by tetrodotoxin and guanethidine, and after destruction of

sympathetic nerves by 6-hydroxydopamine, but not by reserpine, which blocked the second slow noradrenergic phase of the response, but not the initial fast phase (Kirkpatrick and Burnstock, 1987). Spritzing ATP onto single smooth muscle cells of the vas deferens mimicked the EJP, whereas spritzed noradrenaline (NA) did not (Sneddon and Westfall, 1984).

Sympathetic purinergic cotransmission has also been clearly demon​strated in a variety of blood vessels (Burnstock, 1988, 1990a). The pro​portion of NA to ATP is extremely variable in the sympathetic nerves supplying the different blood vessels. The purinergic component is relatively minor in rabbit ear and rat tail arteries, is more pronounced in the rabbit saphenous artery, and has been claimed to be the sole transmitter in sympathetic nerves supplying arterioles in the mesentery and the submucosal plexus of the intestine, whereas NA release from these nerves acts as a modulator of ATP release (Ramme et al., 1987; Evans and Surprenant, 1992). ATP-evoked noradrenaline release has been detected from both rat (Boehm, 1999) and guinea pig (Sperlagh et al., 2000) sympathetic nerve terminals.

B. Parasympathetic Nerves

Parasympathetic nerves supplying the urinary bladder utilize acetylchol​ine (ACh) and ATP as cotransmitters, in variable proportions in different

species (Burnstock et al., 1978; Burnstock, 2001c) and by analogy with

sympathetic nerves, ATP again acts through P2X ionotropic receptors, whereas the slow component of the response is mediated by a metabotropic receptor, in this case muscarinic (Hoyle and Burnstock, 1985). There is some evidence to suggest parasympathetic, purinergic cotransmission to resistance vessels in the heart and airways (Inoue and Kannan, 1988; Saffrey et al.,

1992). 

C. Sensory Nerves

Since the seminal studies of Lewis (1927) it has been well established that transmitters released following the passage of antidromic impulses down sensory nerve collaterals during "axon reflex" activity produce vasodilata​tion of skin vessels. We know now that axon reflex activity is widespread in autonomic effector systems and forms an important physiological compon​ent of autonomic control (Maggi and Meli, 1988; Burnstock, 1993b; Rubino
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and Burnstock, 1996). Calcitonin gene-related peptide (CGRP) and substance P are well established to coexist in sensory motor nerves and, in some subpopulations, ATP is also a co transmitter (Holton, 1959; Sweeney et al., 1989; Burnstock, 1993a).

P2X3 receptors were cloned in 1995 and shown to be predominantly localized in small nociceptive sensory neurons (Chen et al., 1995; Lewis et al., 1995; see also Section II.A). P2X3 receptors have been localized on sensory nerve terminals in skin, tongue (Bo et al., 1999; Rong et al., 2000), knee (Dowd et al., 1998), and tooth pulp (Alavi et al., 2001), and in the subepithelial nerve plexus of the urinary bladder (Cockayne et al., 2000; Vlaskovska et al., 2001; Rong et al., 2001).

When ATP was applied to a blister base or injected intradermally, it caused pain in humans (Bleehen and Keele, 1977; Coutts et al., 1981). The pain-producing effects of ATP were greatly potentiated by acute capsaicin treatment and ultraviolet (UV) irradiation (Hamilton et al., 2000). In animal models, subplantar injection of ATP and 2',3'-O-(4-benzoylbenzoyl)-ATP (BzATP) produced nocifensive behavior (hindpaw lifting and licking) in the rat and mouse (Bland-Ward and Humphrey, 1997; Hamilton et al., 1999; Cockayne et al., 2000; Jarvis et al., 2001).

In addition to nociceptors, ATP has been shown to excite a variety of other primary afferent neurons. ATP released by oxygen sensing chemo​receptors in carotid body activates P2X receptors present on nerve endings of rat sinus nerve, and the hypoxic signaling in the carotid body is mediated by the corelease of ATP and ACh (Zhang et al., 2000). Intraarterial injection of A TP and (,(-methylene ATP ((,(-meATP) excited mesenteric afferent nerves in the rat (Kirkup et al., 1999). Functional P2X receptors have also been demonstrated to be present on canine pulmonary vagal C fibers (Pelleg and Hurt, 1996) and vagal afferent nerves participating in the homeostatic mechanism for cardiovascular and respiratory regulation in the rat (McQueen et al., 1998).

Studies of transgenic mice lacking the P2X3 subunit provided direct evidence for the physiological roles of homo- and or heteromeric P2X receptors containing the P2X3 subunit (Cockayne et al., 2000; Souslova et al., 2000; Vlaskovska et al., 2001). A new hypothesis for purinergic mech​anosensory transduction in visceral organs involved in initiation of pain has been proposed (Burnstock, 2001a) in which it is suggested that distension of tubes such as the ureter, salivary ducts, and gut, and sacs such as urinary and gallbladders, leads to the release of ATP from the lining epithelial cells, which diffuses to the subepithelial sensory nerve plexus to stimulate P2X3 and/or P2X2/3 receptors, which mediate messages to the sensory ganglia and to pain centers in the central nervous system (CNS). It has been clearly shown that ATP is released from the epithelial cells in the distended bladder
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(Ferguson et al., 1997; Vlaskovska et al., 2001) and ureter (Knight et al., 1999) and P2X3 receptors have also been identified in subepithelial nerves in the ureter (Lee et al., 2000) and in the bladder (Cockayne et al., 2000). Recording in a P2X3 knockout mouse, we have shown that the micturition reflex is impaired and that responses of sensory fibers to P2X3 agonists are gone, suggesting that P2X3 receptors on sensory nerves in the bladder have a physiological as well as a nociceptive role (Cockayne et al., 2000).

Purinoceptors also have a strong presence on special sensory nerve terminals and associated cells in the ear (see Housley, 1997; Chen et al.,

2000) and eye (see Pintor, 1999; Pannicke et al., 2000). For an excellent recent review of purinergic transmission in visual, cochlear, and vestibular systems see Housley (2001).

D. Intramural Nerves

Intrinsic neurons exist in most of the major organs of the body. Many of

these are part of the parasympathetic nervous system, but certainly in the gut and perhaps also in the heart, some of these intrinsic neurons are derived from neural crest tissue and differ from those that form the sympathetic and parasympathetic systems and appear to represent an independent control system. In the heart, subpopulations of intrinsic nerves in the atrial and intra atrial septum have been shown to contain ATP as well as nitric oxide (NO), neuropeptide Y, ACh, and 5-hydroxytryptamine. Many of these nerves project to the coronary microvasculature and produce potent vasomotor actions (Burnstock, 1990a,b; Saffrey et al., 1992).

A subpopulation of intramural enteric nerves provides NANC inhibitory innervation of gastrointestinal smooth muscle. Three major co transmitters are released from these nerves: (1) ATP produces fast inhibitory junction potentials (IJPs); (2) NO also produces IJPs, but with a slower time course;

and (3) vasoactive intestinal peptide (VIP) produces slow tonic relaxations (see Belai and Burnstock, 1994). The proportions of these three transmitters vary considerably in different regions of the gut and in different species; for example, in some sphincters the NANC inhibitory nerves primarily utilize VIP, in others they utilize NO, and in nonsphincteric regions of the intestine, ATP is more prominent (see Burnstock, 2001b).

E. Motor Nerves to Skeletal Muscle

It has long been known that ATP is stored in and together with ACh released from motor nerve terminals. In the adult skeletal neuromuscular junction, ACh appears to be the sole neurotransmitter acting through
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nicotinic receptors, whereas the released ATP acts both postjunctionally to potentiate the action of ACh and prejunctionally after breakdown to adenosine via P1(AI) receptors to modulate the release of ACh (Silinsky,

1984; Hamilton and Smith, 1991; Lu and Smith, 1998). However, in the developing myotube, ATP as well as ACh act through ion channel receptors (Kolb and Wakelam, 1983; Haggblad and Heilbronn, 1988). ATP respon​siveness also reappears after denervation (Wells et al., 1995). Recent studies from our laboratory have shown sequential expression of P2X5, P2X6, and P2X2 receptor subtypes in developing rat skeletal muscle (Ryten et al., 2001).

"

Ill. SENSORY AND AUTONOMIC GANGLIA

An effect of ATP on autonomic ganglia was first reported in 1948 when Feldberg and Hebb demonstrated that intraarterial injection of ATP excited neurons in the cat superior cervical ganglion (SCG) (Feldberg and Hebb,

1948). Later work from de Groat's laboratory showed that in the cat vesical parasympathetic ganglia and rat SCG, purines inhibited synaptic transmis​sion through PI receptors, but high doses of ATP depolarized and excited the postganglionic neurons (Theobald and de Groat, 1977, 1989). The earliest intracellular recordings of the action of ATP on neurons were obtained in frog sympathetic ganglia (Siggins et al., 1977; Akasu et al., 1983). ATP produced a depolarization through a reduction in K+ conductance, which was probably mediated through P2Y receptors. ATP was shown to excite mammalian dorsal root ganglia (DRG) neurons and some neurons from the dorsal horn of the spinal cord (Jahr and Jessell, 1983; Krishtal et al., 1983). These responses were associated with an increase in membrane conductance, which we now know was due to the activation of P2X receptors (see Dunn et al., 2001).

A. Sensory Ganglia



Sensory neurons of the DRG share with neurons of the sympathetic, para sympathetic, and enteric ganglia, along with adrenomedullary chro​maffin cells, a common embryological origin in the neural crest. In contrast, cranial sensory neurons are derived from the placodes. Although these sensory and autonomic neurons exhibit some common properties, they also show very diverse phenotypes commensurate with their diverse physio​logical roles (see Dunn et al., 2001). The nociceptive roles ofP2X3 receptors on sensory nerves have also been reviewed recently (see Burnstock and Wood, 1996; Burnstock, 2000, 2001; Salter and Sollevi, 2001). 

~~
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There have been many reports characterizing the native P2X receptors in sensory neurons, including those from dorsal root, trigeminal, nodose, and petrosal ganglia. DRG and trigeminal ganglia contain primary somatosen​sory neurons, receiving nociceptive, mechanical, and proprioceptive inputs.

Nodose and petrosal ganglia, on the other hand, contain cell bodies of afferents to visceral organs (Lindsay, 1996).

P2X receptors on the cell bodies of sensory neurons have been studied extensively using voltage-clamp recordings from dissociated neurons of the DRG (Bouvier et al., 1991; Burgard et al., 1999; Grubb and Evans, 1999; Li et al., 1999; Rae et al., 1998; Robertson et al., 1996; Veno et al., 1999), trigeminal and no dose ganglia (Khakh et al., 1995; Khalil et al., 1994;

Thomas et al., 1998), and petrosal ganglia (see Dunn et al., 2001; Khakh et al., 1997). Rapid application of ATP to acutely dissociated or cultured sensory neurons evokes action potentials and under voltage clamp, a fast​

activating inward current. The activation of P2X receptors results in
depolarization and an increase in intracellular Ca2+ concentration (Bean et al., 1990; Bouvier et al., 1991). Negative cross-talk between anionic GABAA and cationic P2X ionotropic receptors of rat DRG neurons has been demonstrated (Sokolova et al., 2001).

The P2X3 subunit that was first cloned using a cDNA library from neonatal rat DRG neurons shows a selectively high level of expression in a subset of sensory neurons, including those in DRG and trigeminal and nodose ganglia (Ch en et al., 1995; Lewis et al., 1995; Collo et al., 1996). In DRG and trigeminal ganglia, although mRNA transcripts of P2X1-6 have been detected, the level of P2X3 transcript is the highest. Sensory neurons

from nodose ganglia express, in addition to P2X3, significant levels of P2X1, P2X2, and P2X4 RNAs, and some of these RNAs are present in the same cell. 5YBR Green Fluorescence has been used recently to quantitate P2X receptor in RNA in DRG (Veno et al., 2002). The expression pattern of P2X3 receptors in sensory ganglia has also been studied by immunohistochemistry at both the light microscope (Vulchanova et al., 1997, 1998; Bradbury et al., 1998; Xiang et al., 1998a; Novakovic et al., 1999; Barden and Bennett,-2000) and electron microscope (Llewellyn-Smith and Burnstock, 1998) levels. In DRG, intensive P2X3 immunoreactivity is found predominantly in a subset of small- and medium-diameter neurons, although absent from most large neurons. The P2X3 subunit is predominantly located in the nonpeptidergic subpopulation of nociceptors that binds the isolectin B4 (IB4), and is greatly reduced by neonatal capsaicin treatment (Vulchanova et al., 1998). The P2X3 subunit is present in an approximately equal number of neurons projecting to skin and viscera but in very few of those innervating skeletal muscle (Bradbury et al., 1998). P2X3 receptors are strongly represented in sensory ganglia during rat embryonic neurogenesis (Cheung and Burnstock, 2002).
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P2X2 receptor immunoreactivity is observed in many small and large DRG neurons, although the level is lower than that of P2X3 (Vulchanova et al., 1997; Labrakakis et al., 2000; Petruska et al., 2000a). Some neurons seem to contain both P2X2 and P2X3 immunoreactivity. Although P2X3 immunoreactivity is the predominant type detected, variable levels of immunoreactivity of P2X1,2 and P2X4-6 have also been detected in DRG

neurons (Xiang et al., 1998a; Barden and Bennett, 2000; Petruska et al., 2000a,b). These receptors take the form of clusters 0.2-0.5 (m in diameter, and rarely appear to co1ocalize (Barden and Bennett, 2000).

In trigeminal ganglia, P2X3 immunoreactivity is found in the cell bodies

of both small and large neurons (Cook et al., 1997; Llewellyn-Smith and Burnstock, 1998; Xiang et al., 1998a). Lower levels of immunoreactivity to P2X1,2 and P2X4-6 appear to be present in these neurons. Concurrent release of ATP and substance P from neurons in guinea pig trigeminal ganglia in vivo has been reported (Matsuka et al., 2001). In nodose ganglia, P2X2 and P2X3 immunoreactivities are both present (Xiang et al., 1998a) and are colocalized in the same neurons (Vulchanova et al., 1997). This is consistent with the colocalization of their mRNAs (Lewis et al., 1995). Both transient and sustained responses to P2 agonists occur in DRG neurons (see Dunn et al., 2001). The transient response in DRG neurons is activated by ATP,

(,(-meATP and 2-methylthio ATP (2-meSATP) (Robertson et al., 1996). The pharmacological evidence to date generally supports the hypothesis that this rapidly desensitizing transient response is mediated by homomeric P2X3 receptors.

ATP, (,(-meATP, and 2-meSATP also evoke sustained currents in rat nodose neurons. These responses are inhibited by suramin, pyridoxal​phosphate-6-azophenyl-2',4'-disulfonic acid (PPADS), Cibacron blue, trinitrophenyl (TNP)-ATP, and Ca2+ (Khakh et al., 1995; Thomas et al.,

1998; Virginio et al., 1998), but not by diinosine pentaphosphate (Ip5l) at concentrations up to 100 (M (Dunn et al., 2000). Therefore, the (,(-meATP-sensitive persistent responses in nodose neurons resemble the recombinant P2X2/3 receptors (Lewis et al., 1995). Neurons of the mouse

nodose ganglion give persistent responses to both ATP and (,(-meATP similar to those seen in the rat (Cockayne et al., 2000; Souslova et al., 2000).

​
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receptors, A-317491, has been shown to reduce chronic inflammatory and neuropathic pain in the rat (Jarvis et al., 2002).

There are also species differences. Transient responses are the predomin​ant type evoked by P2X agonists from DRG neurons of rat and mouse, with persistent and biphasic types seen less frequently (Burgard et al., 1999; Grubb and Evans, 1999; Cockayne et al., 2000). In contrast, only sustained inward currents have been reported on DRG neurons from bullfrog (Bean,

1990; Li et al., 1997). On the other hand, nearly all of no dose neurons from rat (Li et al., 1993; Khakh et al., 1995), mouse (Cockayne et al., 2000), and guinea pig (Zhong et al., 2001) responded to ATP and (,(-meATP with persistent responses.

It is possible that distinct P2X receptors may be differentially distributed at cell soma and nerve terminals of the same neuron (for review see Khakh and Henderson, 2000). The physiological significance of the heterogeneity in P2X receptor expression in sensory neurons is not yet clear.

Recent studies have shown that ATP and UTP produce slow and sustained excitation of sensory neurons in DRG via P2Y2 receptors (Molliver et al., 2002). P2Y1 receptors have been demonstrated immuno​histochemically in rat and human no dose ganglia (Fong et al., 2002). Colocalisation of P2Y1 and P2X3 immunoreactivity has been described in a subpopulation of DRG neurons (Borvendeg et al., 2003).

B. Sympathetic Ganglia

A number of studies have demonstrated the presence of P2X receptors in "

sympathetic ganglia by immunohistochemistry. Immunoreactivity for P2X1, P2X2, P2X3, P2X4, and P2X6 receptors was detected in SCG and coeliac ganglia of the rat (Xiang et al., 1998a). In a study of cultured SCG neurons, P2X2 was the most highly expressed receptor; lower, though detectable levels of all the other subunits, except P2X4, were present (Li et al., 2000). However, the extent to which the expression of P2X receptors may be influenced by tissue culture conditions is at present unclear. In a study of the guinea pig, SCG, P2X2, and P2X3 immunoreactivity was detected (Zhong et al., 2000a).

P2Xl-green fluorescent protein has been used to study the time course of P2Xl receptor clustering (about 1(m diameter) in plasma membranes of sympathetic neurons and internalisation of receptors following prolonged exposure to A TP (Li et al., 2000). In keeping with the histochemical evidence, mRNA for most P2X subunits have been detected in sympathetic neurons. P2X5 and P2X6 receptors were first isolated by polymerase chain reaction (PCR) from coeliac and SCG mRNAs, respectively (Collo et al., 1996). Fragments of P2X3 and P2X4 receptors have also been cloned from a
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rat SCG cDNA library (Lewis et al., 1995; Buell et al., 1996). Three splice variants of the rat P2X2 receptor have been cloned, and all three were detected in SCG neurons by in situ hybridization (Simon et al., 1997a). Other in situ hybridization studies have detected P2X1, P2X4, and P2X6 mRNA in rat SCG neurons (Buell et al., 1996; Collo et al., 1996).

Purinergic synaptic transmission was not demonstrated between sympa​thetic neurons until the early 1990s (Evans et al., 1992; Silinsky and Gerzanich, 1993). A number of subsequent studies have characterized the receptors present on sympathetic neurons, and it is now clear that there is a species difference between rat and guinea pig. In the guinea pig, (,(-meATP is an effective agonist on SCG (Reekie and Burnstock, 1994; Zhong et al., 2000a) and coeliac ganglion neurons (Khakh et al., 1995). In contrast, (,(-meATP evoked only a small slowly desensitizing response in a proportion of neurons from rat SCG (Cloues et al., 1993; Khakh et al., 1995; Rogers et al., 1997). However in a study of rat and mouse coeliac ganglion neurons, no responses to 100 (M (,(-meATP were detected (Zhong et al., 2000b).

Most of the properties described for P2X receptors in rat sympathetic neurons (kinetics, agonist and antagonist profile, effect of Zn2+ and pH) are consistent with those of the recombinant P2X2 receptor. The presence of a small slowly desensitizing ,-meATP response in rat SCG neurons can most easily be explained by the coexistence of some heteromeric P2X2/3 receptors.

C. Parasympathetic Ganglia

Because of their smaller size and more diffuse location, parasympathetic ganglia are much harder to study. Consequently there is less immunohis​tochemical or molecular biological information on the presence of P2X receptors in these neurons.

Prior to the cloning of P2X receptors, ATP was found to produce excitation in the vesical parasympathetic ganglion of the cat (Theobald and de Groat, 1989). Responses to ATP have been recorded from dissociated neurons from the chick ciliary ganglia (Abe et al., 1995), rabbit vesical parasympathetic ganglion (Nishimura and Tokimasa, 1996), intramural ganglia from the guinea pig urinary bladder (Burnstock et al., 1987), and guinea pig and rat cardiac neurons in culture (Allen and Burnstock, 1990; Fieber and Adams, 1991). In general, the results are very similar to those obtained in sympathetic neurons. Thus, application of ATP evokes a rapid depolarization or inward current through the activation of P2X receptors. Although 2-meSATP and ATP are approximately equipotent, ,-meATP evoked only small responses when applied at high concentrations to rat neurons.
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The neurons providing motor innervation to the bladder and other pelvic organs originate in the pelvic plexus. In the rat and mouse, this plexus consists of a pair of major pelvic ganglia and a number of small accessory ganglia (Purinton et al., 1973). In the guinea pig there are additional intramural ganglia within the wall of the bladder (Crowe et al., 1986). The pelvic ganglia receives sympathetic and parasympathetic inputs from preganglionic axons within the hypogastric and pelvic nerves, respectively (Keast, 1995), and is therefore unique in being neither sympathetic nor parasympathetic.

Using polyclonal antibodies specific for P2X receptor subunits, P2X2 immunoreactivity has been detected in pelvic ganglion neurons of the rat (Zhong et al., 1998). Although many neurons showed low levels of staining, a small percentage showed strong and specific staining. In keeping with these observations, P2X2 but not P2X1 immunoreactivity was detected in axons and nerve terminals in the vas deferens (Vulchanova et al., 1996). In the guinea pig pelvic ganglion, in addition to staining for the P2X2 subunit, P2X3 immunoreactivity has also been detected (Zhong et al., 2000a). Studies using in situ hybridization have detected high levels of P2X2 mRNA in rat pelvic ganglion neurons (Zhong et al., 1998). Although some P2X4 message was also detectable, no staining was observed using probes directed against P2X1 and P2X3 mRNA.

In summary, autonomic neurons express P2X2 and P2X3 subunits, which can coassemble to form three functionally identifiable receptors. However, the level of P2X3 expression varies greatly between species (rat vs. guinea pig) and even from cell to cell. Thus, rat autonomic neurons express

homomeric P2X2 receptors almost exclusively, whereas guinea pig neurons express a mixture of homomeric P2X2, heteromeric P2X2/3, and in some cases homomeric P2X3 receptors. Adrenomedullary chromaffin cells appear to be an exception to this general pattern as those of the rat lack P2X receptors, whereas those in the guinea pig appear to express only the P2X2 subtype.

....

D. Enteric Ganglia

Katayama and Morita (1989) were the first to study the effects of A TP on single myenteric neurons from guinea pig small intestine, using the intracellular electrophysiological recording technique. Myenteric neurons are classified into two groups electrophysiologically and ATP elicited hyperpolarization in 80% of AH (type II) neurons and depolarization in 90% of S (type I) neurons in a dose-dependent manner. Quinidine reversibly depressed both the ATP-induced responses.
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Four laboratories led by Jackie Wood, Carlos Barajas-Lopez, James Galligan, and Michael Mulholland have extended these studies of purinergic signaling in guinea pig myenteric neurons (see Surprenant, 1994; Furness et al., 1998; Burnstock, 2001b; Galligan, 2002). Elegant whole-cell and outside-out patch-clamp recordings were used to characterize the physio​logical and pharmacological properties of P2X receptors on myenteric neurons of the guinea pig ileum (Barajas-Lopez et al., 1996; Zhou and Galligan, 1996; LePard et al., 1997). ATP and analogues evoked rapid inward currents in over 90% of the neurons studied.

P2X receptors and nicotinic cholinergic receptors are linked in a mutually

inhibitory manner in guinea pig myenteric neurons (Zhou and Galligan, 1998). Mulholland's group carried out studies of purinergic signaling in dispersed primary cultures of guinea pig myenteric plexus. Extracellular ATP was shown to mediate Ca2+ signaling via a phospholipase C (PLC)​-dependent mechanism (Kimball et al., 1996). Enteric neurons differed from one another in their ability to respond to combinations of ATP with ACh, ATP with SP, ATP with ACh, ATP with ACh and SP, ATP with bombesin, or ATP with ACh and bombesin (Kimball and Mulholland, 1995). These authors have shown that extracellular ATP also acts on cultured guinea pig enteric glia via an inositol triphosphate (IP3) mechanism (probably involving a P2Y receptor) to mobilize intracellular Ca2+ (Sarosi et al., 1998). Evidence has been presented that two distinct types of P2 receptors are linked to a rise in [Ca2+]i in guinea pig intestinal myenteric neurons of both AH and S neuronal phenotypes and are not restricted to calbindin immunoreactive sensory neurons (Christofi et al., 1996, 1997). Enhanced excitability of myenteric AH neurons has been demonstrated recently in the inflamed guinea pig distal colon (Linden et al., 2003).

ATP regulates synaptic transmission by pre- as well as postsynaptic mechanism in guinea pig myenteric neurons, i.e., ATP augments nicotinic fast depolarization produced by ACh, but inhibits muscarinic and SP-mediated depolarizations in both AH and S neurons (Kamiji et al., 1994).

Exogenous and endogenous ATP, released during increase in intraluminal pressure, inhibits intestinal peristalsis in guinea pig via different apamine​sensitive purine receptor mechanisms. Exogenous ATP depresses peristalsis mostly via suramin- and PPADS-insensitive P2 receptors, whereas endogenous purines act via P2 receptors sensitive to both suramin and PPADS (Heinemann et al., 1999). A preliminary report claims that purinergic transmission is involved in a descending excitatory reflex in guinea pig small intestine (Clark et al., 1996). The authors present evidence that excitatory motoneurons have P2X receptors that are excited by an ally directed purinergic interneurons. The possible role(s) of ATP in slow synaptic transmission in enteric ganglia remains to be confirmed. Evidence has been

-​
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presented recently that ATP plays a major role in excitatory neuroneuronal transmission in both ascending and descending reflex pathways to the longitudinal and circular muscles of the guinea pig ileum triggered by mucosal stimulation (Spencer et al., 2000). It has been proposed that ATP is a sensory mediator via P2X3 receptors on intrinsic sensory neurons in the enteric plexuses (Burnstock, 2001a; Bertrand and Borstein, 2002).

Synaptosomal preparations from the guinea pig ileum myenteric plexus were first described by Dowe et al. (1980) and Briggs and Cooper (1981).  ATP and adenosine were equipotent in their ability to inhibit the nicotinically induced release of [3H]ACh; the inhibition by both ATP and adenosine was reversed by theophylline, indicating that a PI receptor was

involved (Reese and Cooper, 1982). However, high concentrations of ATP caused a marked increase in the release of [3H]ACh, presumably mediated by a prejunctional P2 receptor.

Intracellular recordings from submucosal neurons in guinea pig small intestine showed that A TP induced fast transient depolarization of most AH-type neurons and fast transient depolarization followed by slower

onset, longer lasting depolarization of S-type neurons (Barajas-Lopez et al., 1994). When whole-cell patch recordings were employed, superfusion of ATP and analogues evoked rapidly desensitizing inward current and ATP​ induced single channel currents were also recorded. In a whole-cell patch​ clamp study of ATP-induced membrane currents in guinea pig small intestinal submucous neurons by another group (Glushakov et al., 1996), the currents activated by ATP were not blocked by suramin and were often enhanced by Reactive blue 2. This could indicate the involvement of P2X4

or P2X6 receptors (see Burnstock, 1997). The functional interaction between nicotinic and P2X receptors has been investigated in freshly dissociated guinea pig submucosal neurons in primary culture: whole-cell currents induced by ATP were blocked by PPADS and showed some interdepend​ence on ACh-induced nicotinic currents blocked by hexamethonium (Glushakov et al., 1996; Barajas-Lopez et al., 1998; Zhou and Galligan, 1998). Inhibitory interactions between 5HT3 and P2X channels in submucosal neurons have been described in a recent publication (Barajas​Lopez, 2002). Evidence has also been presented for two subtypes of P2X receptor in neurons of guinea pig ileal submucosal plexus (Glushakov et al., 1998). 

Recent immunohistochemical studies have demonstrated the P2X2 receptor (Castelucci et al., 2002), P2X3 receptor (Van Nassauw et al., 2002; Poole et al., 2002) and P2X7 receptors (Hu et al., 2001) on subpopulations of guinea pig myenteric and submucous ganglionic neurons. P2X2 and P2X5 receptors have also been immunolocalised on interstitial cells of Cajal (Burnstock and Lavin, 2002).
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IV. CENTRAL NERVOUS SYSTEM

A. Introduction

The actions of adenosine in the CNS have been recognized for many years beginning with the work of Feldberg and Sherwood (1954), which included ataxia and a tendency to sleep following intracerebroventricular injections (see reviews by Reddington et al., 1983; Williams, 1984; Snyder, 1985; Dunwiddie, 1985; Marangos and Boulenger, 1985; Phillis et al., 1986; Ribeiro, 1995; Fredholm, 1995). However, consideration of the role(s) of ATP in the CNS received less attention until recently (see Burnstock, 1996, 1977; Phillis and Wu, 1981; Inoue et al., 1996; Dunwiddie et al., 1996; Gibb and Halliday, 1996; Abbracchio, 1997; Robertson, 1998; Illes and Zimmermann, 1999; Norenberg and Illes, 2000). In particular, purinergic synaptic transmission has been clearly identified in the brain (Khakh, 2001). It was first observed in the medial habenula (Edwards et al., 1992) and has now been described in a number of other brain areas, including locus coeruleus (Nieber et al., 1997), hippocampus (Pankratov et al., 1999; Mori et al., 2001), and somatic-sensory cortex (Pankratov et al., 2002). Although adenosine, following ectoenzymatic breakdown of ATP, is the predominant, presynaptic modulator of transmitter release in the CNS (see Dunwiddie, 1985; Ribeiro, 1995), ATP itself can also act presynaptically (Cunha and Ribeiro, 2000a).

ATP is present in high concentrations within the brain, varying from approximately 2 mM in the cortex to 4 mM in the putamen and hippocampus (Kogure and Alonso, 1978). Release of ATP from synapto​somal preparations of discrete areas of the rat and guinea pig brain, including cortex, hypothalamus, medulla, and habenula, has been measured (Barberis and McIlwain, 1976; White, 1978; Potter and White, 1980; White et al., 1980, Sperhigh et al., 1988a,b). In cortical synaptosomes, a proportion of the ATP appears to be coreleased with acetylcholine, and a smaller proportion with noradrenaline, but most is not released from either cholinergic or adrenergic varicosities (Potter and White, 1980; White et al., 1980). In preparations of affinity-purified cholinergic nerve terminals from the rat cuneate nucleus, ATP and acetylcholine are coreleased (Richardson and Brown, 1987). There is also evidence for corelease of ATP with catecholamines from neurons in the locus coerulus (Poelchen et al., 2001), for corelease of ATP with GABA in dorsal horn and lateral hypothalamic neurons (Jo and Schlichter, 1999; Jo and Role, 2002a) and evidence for corelease of ATP with glutamate in the hippocampus (Mori et al., 2001) as well as widespread and pronounced modulatory effects of ATP on glutamatergic mechanisms (Illes et al., 2001). Colocalisation of functional
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nicotinic and ionotropic nucleotide receptors have also been identified in isolated cholinergic synaptic terminals in midbrain (Diaz-Hernandez et al., 2002).

Nerve terminals in vivo or in vitro take up adenosine, which is then mostly converted into nucleotides, predominantly ATP and cyclic AMP (Pull and

McIlwain, 1972a,b; Kuroda and McIlwain, 1974). The passage of

[3H]adenosine, which is taken up by neurons and converted into nucleotides, has been traced in the brain. In the manner of a neurotransmitter, the radiolabeled substances are transported rapidly along the axons, are released from terminals, and are taken up by postsynaptic neurons (Schubert and Kreutzberg, 1974; Schubert et al., 1976).

ATP was shown to cause excitation of neurons in the cuneate nucleus, when applied focally by iontophoresis from a microelectrode (Galindo et al., 1967). Since then ATP has also been shown to cause excitation of neurons in many other regions of the brain (see below).

In situ hybridization of P2 receptor subtype mRNA and immunohisto​chemistry of receptor subtype proteins have been carried out in recent years to show wide, but heterogeneous, distribution in the CNS of both P2X receptors (Tanaka et al., 1996; Vulchanova et al., 1997; Le et al., 1998; Xiang et al., 1998b; Llewellyn-Smith and Burnstock, 1998; Loesch and Burnstock, 1998; Kanjhan et al., 1999; Atkinson et al., 2000a; Yao et al., 2000; Rubio and Soto, 2001) and P2Y receptors (Simon et al., 1997b; Monin-Jimenez and Matute, 2000; Moore et al., 2000a; Laitinen et al., 2001; Lee et al., 2001). As yet, central purinergic pathways involved in particular behavioral or homeostatic mechanisms have not been identified, with a few exceptions (see below).
In addition to P2 receptors and the release of ATP from neurons in the brain, there is abundant evidence for P2 receptors on, and release of ATP

from, glial cells, suggesting that both short- and long-term (trophic) neuronal-glial cell interactions are taking place (see Neary et al., 1996; Abbracchio and Burnstock, 1998; Fields and Stevens, 2000; John et al., 2001). Adenosine plays an important neuroprotective role (Wardas, 2002) in cerebral ischaemia (see Rudolphi et al., 1992) following nucleotide release from damaged tissue (Braun et al., 1998).

B. Spinal Cord

There was early identification of dense areas of acid phosphatase and 5' -nucleotidase activity in the substantia gelatinosa of the spinal cords of rats and mice and the possible implication for purinergic transmission was raised (see Suran, 1974). Although P1(A1 and A2) receptors in neurons in 

324







Geoffrey Burnstock

the dorsal and ventral spinal cord mediating modulation of neuronal activity by adenosine was shown in the early 1980s (see Geiger et al., 1984; Choca et al., 1987; Santicioli et al., 1993; Li and Perl, 1994; Sawynok, 1998), the presence and roles of P2 purinoceptors were not recognized until much later (see Salter et al., 1993; Abbracchio, 1997). ATP-evoked increases in intracellular calcium were demonstrated in neurons and glia of the dorsal spinal cord (Salter and Hicks, 1994). It was later shown that the ATP​ evoked release of Ca2+ from astrocytes was via the phospholipase C(/IP3 pathway (Salter and Hicks, 1995), suggesting mediation via a P2Y receptor. It was proposed that ATP released in synaptic regions acts as a synaptic modulator by augmenting the actions of excitatory amino acids (Li and Perl, 1995). ATP was shown to activate the K+ channel responsible for outwardly rectifying currents via a P2Y purinoceptor linked to a pertussis toxin​in sensitive G-protein in cultured rat spinal neurons (Ikeuchi and Nishizaki, 1996). In a recent paper, ATP was shown to inhibit slow depolarisation via P2Y receptors in substantia gelatinosa neurons (Yoshida et al., 2002). Properties of P2Y receptors in Xenopus spinal neurons related to motor pattern generation have also been reported (Brown and Dale, 2002).

mRNA for P2X2, P2X4, and P2X6 receptors have been identified within spinal motor nuclei (Collo et al., 1996). P2X3 immunoreactivity is apparent on the axon terminals of DRG neurons that extend across the entire mediolateral extent of inner lamina II of the dorsal horn (Vulchanova et al., 1997; Bradbury et al., 1998; Nakasuka and Gu, 2001). The immunolabeled nerve profiles in lamina II for P2X3 receptors are located largely on terminals with ultrastructural characteristics of sensory afferent terminals (Llewellyn-Smith and Burnstock, 1998). In contrast, although P2X2 immunoreactivity is most prominent in lamina II, it is also seen in deeper layers, and only rarely overlaps with P2X3 immunoreactivity (Vulchanova et al., 1997). At central terminals of primary afferent neurons, ATP has been shown to act either presynaptically facilitating glutamate release (Gu and MacDermott, 1997; Khakh and Henderson, 1998; Li et al., 1998; Nakasuka and Gu, 2001) or postsynaptically (Fyffe and Pell, 1984; Salter and Henry, 1985; Sawynok and Sweeney, 1989; Li and Perl, 1995; Bardoni et al., 1997). ATP facilitates spontaneous glycinergic inhibitory postsynaptic currents (IPSCs) in neurons from rat substantia gelatinosa, mechanically dissociated from the dorsal horn (Rhee et al., 2000), and P2X receptors are also expressed on glycinergic presynaptic nerve terminals (Jang et al., 2001).

ATP has been shown to be released from dorsal spinal cord synaptosomes (Sawynok et al., 1993). Morphine and capsaicin release purines from capsaicin-sensitive primary afferent nerve terminals in the spinal cord (Sweeney et al., 1989).
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There have been a number of papers concerned with purinoceptor involvement in nociceptive pathways in the spinal cord (see Hamilton and McMahon, 2000; Burnstock, 2000). For example, intrathecally admin​istered P2-purinoceptor antagonists, suramin and PPADS, produced anti​nociceptive effects in rats (Driessen et al., 1994). Substance P released by sensory nerve stimulation potentiates purinergic inhibition of nociceptive dorsal horn neurons induced by peripheral vibration (De Koninck et al., 1994). ATP-activated P2X receptors in lamina II of the rat spinal cord have been claimed to play a role in transmitting or modulating nociceptive information (Bardoni et al., 1997). Presynaptic P2X2 receptors modulate excitatory synaptic transmission between primary afferent fibers and spinal cord dorsal horn neurons of the lumbar spinal cord of rats (Li et al., 1998). The vanilloid receptor, VR1, is colocalized with the P2X3 receptor and with binding sites for the lectin IB4 within a large proportion of dorsal root ganglion neurons and their terminals in the dorsal horn of the spinal cord (Guo et al., 1999). (,(-meATP-induced thermal hyperalgesia may be mediated by spinal P2X3 receptors, perhaps by evoking glutamate release (Tsuda et al., 1999b). Evidence has been presented that spinal endogenous A TP may play a role in capsaicin-induced neurogenic pain via P2X3 or P2X2/3 receptors and formalin-induced inflammatory pain via different P2X and/or P2Y receptors (Tsuda et al., 1999a). A paper from another group also suggested that spinal P2X receptors may play a role in the modulation of spinal nociceptive transmission following the development of inflammation (Stanfa et al., 2000).

Within the spinal cord, P2X receptors are present in a subpopulation of dorsal horn neurons (Bardoni et al., 1997; Jo and Schlichter, 1999; Hugel and Schlichter, 2000; Rhee et al., 2000; Laube, 2002), and ATP is coreleased with GABA (Jo and Schlichter, 1999). In addition to acting as a fast excitatory synaptic transmitter, ATP facilitates excitatory transmission by increasing glutamate release and enhances inhibitory neurotransmission mediated by both GABA and glycine (Hugel and Schlichter, 2000; Rhee et al., 2000).

C. Brainstem

1. Rostral Ventrolateral Medulla (RVLM) 

Iontophoretic application of A TP excited the spinal cord-projection neurons in the RVLM of the medulla oblongata causing powerful vasopressor actions, a response that was mimicked and then blocked by (,(-meATP as well as by suramin (Sun et al., 1992). A further study suggested that two P2X receptor sub types might be present in RVLM
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neurons, one sensitive to both ATP and ,-meATP and the other sensitive to ATP, but not to ,-meATP (Ralevic et al., 1996). Activation of P2X receptors in the ventrolateral medulla (VLM) was shown to be capable of producing marked excitation of both sympathoexcitatory and sympathoin​hibitory neurons (Horiuchi et al., 1999). Evidence has been presented to suggest that CO2-evoked changes in respiration are mediated, at least in part, by P2X purinoceptors in the retrofacial area of the VLM (Thomas et al., 1999). In a follow-up paper, CO2-P2X-mediated actions were observed only in inspiratory neurons that have purinoceptors with pH sensitivity (characteristic of the P2X2 receptor subtype) that could account for the actions of CO2 in modifying ventilatory activity (Thomas and Spyer, 2000). Not surprisingly, adenosine was shown to be a neuromodulator in the RLVM (Thomas and Spyer, 1999).

2. Trigeminal Mesencephalic Nucleus (MNV)
Although the MNV is located in the CNS, it contains cell bodies of

primary afferent neurons that relay proprioceptive information exclusively (Liem et al., 1991). An early paper reported excitation of single sensory neurons in the rat caudal trigeminal nucleus by iontophoretically applied A TP (Salt and Hill, 1983).

The MNV is known to contain mRNA for P2X2, P2X4, P2X5, and P2X6 sub types (Collo et al., 1996; Kanjhan et al., 1999). With in situ hybridization studies, higher levels of mRNA for P2X5 were found in this nucleus than in any other brain area (Buell et al., 1996). ATP-gated ion channels (P2X receptors) were described in rat trigeminal MNV proprioceptive neurons from whole-cell and outside-out patch-clamp recording (Khakh et al., 1997; Patel et al., 2001), possibly mediated by P2X5 receptor homomultimers and P2X2/5 heteromultimers (see Patel et al., 2001). It has been suggested that in the MNV there is ATP receptor-mediated enhancement of fast excitatory glutamate release onto trigeminal mesencephalic motor nucleus neurons (Khakh and Henderson, 1998).

3. Area Postrema (AP)

A TP was shown to have transient excitatory effects on neurons within the AP that are associated with the vomiting reflex (Borison et al., 1975). P2X2 immunoreactive nerve fibers and cell bodies have been demonstrated in the AP as well as in the dorsal vagal nucleus.

4. Locus Coeruleus (LC)

There were early reports of modulation of neurons in the LC by adenosine (Taylor and Stone, 1980; Shefner and Chiu, 1986; Regenold and Illes, 1990). The first report of the action (depolarization) of ATP on P2
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receptors in LC was by Harms et al. (1992) and later papers examined the ionic mechanism and receptor characterization of these responses (Shen and North, 1993; Illes et al., 1994; Masaki et al., 2001). ,-meATP and (,(-mADP were shown to increase the firing rate of rat LC neurons (Trezise et al., 1996). Pharmacological studies of P2 purinoceptor subtypes in rat LC neurons suggested that both P2X and P2Y might be present (Frohlich et al., 1996) and a study by another group supported this suggestion (Sansum et al., 1998). Intracellular recordings from slices of rat LC led the authors to suggest that ATP may be released either as the sole transmitter from purinergic neurons terminating in the LC or as a cotransmitter with noradrenaline from recurrent axon collaterals or dendrites of the LC neurons themselves (Nieber et al., 1997), the latter proposal being supported experimentally in a later paper (Poelchen et al., 2001). Microinjection of ATP or ,-meATP into locus coeruleus and periaqueductal grey matter) led to changes in bladder function and arterial blood pressure (Rocha et al., 2001) .

5. Nucleus Tractus Solitarius (NTS)

The NTS (particularly neurons in the caudal NTS) is a central relay station for viscerosensory information to respiratory, cardiovascular, and digestive neuronal networks. Extracellular purines have been claimed to be the primary mediators signaling emergency changes in the internal environment in the CNS (Braun et al., 1998). Neuromodulatory actions of adenosine have been described in the NTS (Tseng et al., 1988; Barraco et al., 1991; Mosqueda-Garcia et al., 1991; Tao and Abdel-Rahman, 1993; Thomas et al., 2000). Patch-clamp studies of neurons dissociated from rat NTS revealed P2 receptor-mediated responses (Veno et al., 1992) and microinjection of P2 receptor agonists into the subpostremal NTS in anesthetized rats produced reduction of arterial blood pressure (Ergene et al., 1994; Kitchen et al., 2001) probably via a P2X1 or P2X3 subtype, as (,(-meATP was particularly potent. It was suggested that the actions of ATP and adenosine in the NTS may be functionally linked to selectively coordinate the regulation of regional vasomotor tone (Barraco et al., 1996). Purines applied in the NTS have been shown to affect baroreceptor and cardiorespiratory functions (Phillis et al., 1997; Carey and Jordan, 1998; Scislo et al., 2001; Paton et al., 2002). Activation of P2X and P1 (A2A) receptors in the NTS also elicit differential control of lumbar and renal sympathetic nerve activity (Scislo et al., 1997; Scislo and O'Leary, 1998). In a later paper from this group, they concluded that the fast responses to stimulation of NTS P2X receptors were mediated via glutamatergic ionotropic mechanisms, whereas the slow responses to stimulation of NTS P2X and A2A receptors were not (Scislo and O'Leary, 2000).
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The immunohistochemical distribution of P2X receptor sub types in the NTS of the rat has been described (Yao et al., 2001). Colocalization of P2X2 and P2X3 immunoreactivity has been described in the NTS (Vulchanova et al., 1997). At the electron microscope level, P2X3 receptor-positive boutons have been shown to synapse on dendrites and cell bodies and have complex synaptic relationships with other axon terminals and dendrites (Llewellyn-Smith and Burnstock, 1998). P2X2 receptors have been localized presynaptically in vagal afferent fibers in rat NTS (Atkinson et al., 2000b). A recent whole-cell patch-clamp study of neurons in the caudal NTS led to the conclusion that ATP activates (1) presynaptic P1 (A1) receptors after breakdown to adenosine, reducing evoked release of glutamate from the primary afferent nerve terminals and (2) presynaptic P2X receptors on the

axon terminals of intrinsic excitatory caudal NTS neurons, facilitating spontaneous release of glutamate (Kato and Shigetomi, 2001). 

6. Motor and Sensory Nuclei 

The mRNA for P2X4 and P2X6 receptors as well as three P2X2 receptor sub unit isoforms has been identified in the hypoglossal nucleus and this was taken to indicate modulation of inspiratory hypoglossal activity and perhaps a general role in modulatory motor outflow in the CNS (Collo et al., 1997; Funk et al., 1997). Adenosine suppresses excitatory glutaminergic inputs to rat hypoglossal motoneurons (Bellingham and Berger, 1994). 

Evidence for multiple P2X and P2Y subtypes in the rat medial vestibular nucleus has been presented (Chessell et al., 1997). A P2Y receptor subtype activated by ADP was identified in medulla neurons isolated from neonatal rat brain (Ikeuchi et al., 1995), perhaps, with hindsight, P2YI or P2Y12. Adenosine-5' -tetraphosphate (Ap4) was shown to be active on rat midbrain synaptosomal preparations, probably acting via P2XI or P2X3 receptor subtypes or possibly by another unidentified P2X subtype (Pintor et al., 2000). 

The actions of A TP and ACh were examined with patch-clamp recording on dissociated preganglionic neurons in the dorsal motor nucleus of the vagus (DMV); the results suggested that these neurons functionally colocalize nicotinic and P2X receptors (Nabekura et al., 1995). Over 90% of the preganglionic neurons in this nucleus respond to ATP and RT-PCR showed mRNA in the DMV encoding P2X2 and P2X4 receptors (Veno et al., 2000). In a later full paper from the group, they suggest that the functional receptors expressed in DMV neurons are characterised mainly by P2X2 and P2X2/6 subtypes (Ueno et al., 2001). 

P1 (A1) adenosine receptor agonists presynaptically inhibit both GABAergic and glutamatergic synaptic transmission in periaqueductal gray neurons (Bagley et al., 1999).
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D. Diencephalon

1. Thalamus

Adenosine promotes burst activity in guinea pig geniculocortical neurons (Pape, 1992). Adenosine can downregulate inhibitory postsynaptic re​sponses in thalamus and exert antioscillatory effects (Ulrich and Hugue​nard, 1995).

P2X receptors have been localized in thalamus using (,(-[3H]meATP binding (Bo and Burnstock, 1994) and P2Y receptors have also been described in thalamic neurons (Mironov, 1994). Nociceptive activity was elicited by electrical stimulation of afferent C fibers in the sural nerve and recorded from single neurons in the rat ventrobasal complex of the thalamus; the P2 receptor antagonist reactive red, administered intrathecally, produced significant reduction of the evoked activity in thalamic neurons (Driessen et al., 1998). A lower density of P1 (A1) receptors in the nucleus reticularis thalami in rats with genetic absence epilepsy has been reported (Ekonomou et al., 1998).

2. Hypothalamus


Presynaptic P1 receptors mediate inhibition of GABA release in

suprachiasmatic and arcuate nuCleus neurons (Chen and van den Pol, 1997). Adenosine-induced presynaptic inhibition of IPSCs and EPSCs in rat hypothalamus supraoptic nucleus neurons via A1 receptors indicates inhibition of release of both GABA and glutamate (Oliet and Poulain, 1999). Release of 3H-labeled nucleosides from [3H]adenine-labeled hypothalamic synaptosomes was first described in 1979 (Fredholm and Vernet, 1979). ATP releases luteinizing hormone-releasing hormone (LHRH) from isolated hypo thalamic granules (Burrows and Bamea, 1982). Adenosine deaminase-containing neurons in the posterior hypothalamus innervate mesencephalic primary sensory neurons, perhaps indicating purinergic control of jaw movements (Nagy et al., 1986). A hypothalamic role has been suggested for extracellular ATP to facilitate copper uptake and copper stimulation of the release of LHRH from medium eminence, via an interaction with purinergic receptors (Barnea et al., 1991).

The hypothalamic suprachiasmatic nucleus (SCN) is regarded as the site of the endogenous biological clock controlling mammalian circadian rhythms. Long-term communication between glial cells, reflected by waves of fluorescence indicating Ca2+ movements, probably via gap junctions, can be induced by ATP [as well as by glutamate and 5-hydroxytryptamine (5-HT)] (van den Pol et al., 1992).

ATP injected into the paraventricular nucleus stimulates release of arginine-vasopressin (AVP) resulting in antidiuretic action through renal
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AVP (V2) receptors (Mori et al., 1992). In a later study this group showed that ATP (but not ADP, AMP, or adenosine) injected into the supraoptic nucleus (SON) also decreased urine outflow (Mori et al., 1994). ATP and (,(me-ATP excite neurosecretory vasopressin cells in the SON, an effect blocked by suramin (Day et al., 1993). 

The magnocellular neurons of the supra optic and paraventricular nuclei receive a dense plexus of fiber originating from the Al noradrenergic neurons in the ventrolateral medulla. Although Al noradrenaline (NA)​ containing neurons of the caudal medulla provide a direct excitatory input to supraoptic vasopressin cells, they do not use NA as their primary transmitter (Day et al., 1990); later, ATP was shown to be acting as a co transmitter with NA in these neurons (Buller et al., 1996). Corelease of ATP and NA from superfused rat hypothalamic slices was also demon​strated by Sperlágh et al. (1998b), although they concluded that they were probably not released from the same nerve endings. Further support for corelease of A TP with NA at synapses in the hypothalamus comes from evidence that purinergic and adrenergic agonists synergize when stimulating vasopressin and oxytocin release (Kapoor and Sladek, 2000). Candidates for coreleased transmitters in A1 neurons also include substance P and neuropeptide Y (NYP) as well as ATP, and it has been proposed that substance P and NYP differentially potentiate ATP- and NA-stimulated vasopressin and oxytocin release (Kapoor and Sladek, 2001). Purinergic and GABAergic cotransmission has also been claimed in the lateral hypothal​amus of the chick embryo (Jo and Role, 2000) with cholinergic modulation of co transmitter roles (Jo and Roles, 2002b). Evidence has been presented that ATP may be released from magnocellular neurons (Troadec et al., 1998). 

A study of the effects of ATP in increasing [Ca2+]j in cultured rat hypo thalamic neurons was taken to support the action of ATP as an excitatory neurotransmitter (Chen et al., 1994). Excitatory effects of ATP on P2X receptors in acutely dissociated ventromedial hypothalamic neurons have also been described (Sorimachi et al., 2001). A role for adenosine A1 receptors in mediating cardiovascular changes evoked during stimulation of the hypo thalamic defense area (HDA) has been postulated (Dawid-Milner et al., 1994). Application of ATP and UTP (but not adenosine) produced TTX-insensitive depolarizations accompanied by increases in input con​ductance in supraoptic magnocellular neurosecretory cells; both P2X and P2Y receptors have been suggested to be involved (Hiruma and Bourque, 1995). 

Ultrastructural localization of both P2X2 and P2X6 immunoreactivity at both pre- and postsynaptic sites in the rat hypothalamo-neurohypophysial system has been described (Loesch et al., 1999; Loesch and Burnstock,
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2001). Purinergic regulation of stimulus-secretion coupling in the neurohypophysis has been discussed recently (Troadec and Thirion, 2002). From a study of the expression of P2X receptor subtypes in the supraoptic nucleus using RT-PCR, in situ hybridization, Ca2+ imaging, and whole-cell patch-clamp techniques, it was concluded that mRNAs for P2X3 and P2X4 were predominant, but that P2X7 mRNA was also present (Shibuya et al.,

1999).
It has been suggested that ATP, cosecreted with vasopressin and oxytocin, may play a key role in the regulation of stimulus-secretion coupling in the neurohypophysis by acting through P2X2 receptors increasing AVP release, and after breakdown to adenosine acting via P2(A1) receptors (inhibiting N-type Ca2+ channels) to decrease neuropeptide release (Lemos and Wang, 2000). Adenosine was also shown to modulate activity in SON neurons by inhibiting N-type Ca2+ channels via A1 receptors (Noguchi and Yamashita, 2000). Evidence for the involvement of purinergic signalling in hypothalamus and brain stem nuclei in body temperature regulation has been presented recently (Gourine et al., 2002).

3. Habenula


The first clear demonstration of A TP receptor-mediated fast synaptic

currents in the CNS was described in the rat medial habenula (Edwards et al.,

1992). These synaptic currents were mimicked by ATP and reversibly blocked by suramin and by (,(-meATP desensitization. The evidence was extended by demonstration of A TP release from an isolated rat habenula

preparation during electrical field stimulation (Sperhigh et al., 1995; Vizi ,

et al., 1997). This group later showed that the projections from the triangular septal and septofimbrial nucleus to the habenula are the major source of ATP in the rat habenula and utilize ATP as a fast transmitter, probably with glutamate as a co transmitter (Sperlágh et al., 1998a). However, glutamate and ATP were claimed to be released from separate neurons in this system by another group (Robertson and Edwards, 1998), who further concluded that the P2X receptor-mediated synaptic currents are the only calcium-permeable

fast-transmitter gated currents in these neurons (Robertson et al., 1999). In a recent study from this group, long-term potentiation of glutamatergic synaptic transmission induced by activation of presynaptic P2Y receptors in the rat medial habenula nucleus has been claimed (Price et al., 2003).

E. Cerebellum

P1(A1) receptors were identified on cerebellar granule cells (Wojcik and Neff, 1983; Sanz et al., 1996) and adenosine was shown to selectively block
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parallel fiber-mediated synaptic potentials in the rat cerebellar cortex (Kocsis et al., 1984) and inhibit Purkinje cell firing (Bickford et al., 1985) and glutamate release from cultured cerebellar neurons (Dolphin and Prestwich, 1985).

A high density of P2X binding was found in the cerebellar cortex (Balcar et al., 1995), and with the aid of RT-PCR technology, mRNAs for P2X1-4 and P2X6 subunits were identified in the cerebellum during the first postnatal week with coexpression of two units in Purkinje cells demon​strated with patch-clamping (Garcia-Lecea et al., 2001). A lack of correlation between glutamate-induced release of ATP and neuronal death in cultured cerebellar neurons was reported (Marcaida et al., 1995). Cerebellar Purkinje neurons were shown experimentally to have both P2Y receptors (Kirischuk et al., 1996) and P2X (probably P2X2) receptors (Mateo et al., 1998; Garda-Lecea et al., 1999). Patch-clamp studies of dissociated cerebellar neurons revealed a P2Y purinoceptor-operated potassium channels (Ikeuchi and Nishizaki, 1996).

ATP increased the release of aspartate from cultured cerebellar granule neurons and also potentiated its release by glutamate; it was concluded that this was consistent with a cotransmitter role of ATP in the cerebellum (Merlo and Volonte, 1996). This group also showed that a P2 purinoceptor

antagonist prevented glutamate-evoked cytotoxicity in these cultured neurons (Volonte and Merlo, 1996; Amadio et al., 2002).

P2X2 receptor immunoreactivity in the cerebellum was demonstrated and claimed to be consistent with a role for extracellular ATP acting as a fast transmitter in motor learning and coordination of movement (Kanjhan et al., 1996). Ecto-5'-nucleotidase has been localized on cell membranes in cultures of cerebellar granule cells (Maienschein and Zimmermann, 1996) and also ectophosphorylated protein (Merlo and Volonte, 1996) and ecto​ATPase (Zinchuk et al., 1999), consistent with purinergic signaling. Single​ channel properties of P2X receptors in rat cerebellar slices suggested that they may be P2X4/6 heteromultimer receptors (Halliday and Gibb, 1997). Both ADP and adenosine prevent apoptosis of cultured rat cerebellar granule cells via P2X and A1 receptors, respectively (Vitolo et al., 1998). In a recent study by Florenzano et al. (2002), it is claimed that cerebellar lesion upregulates P2Xl and P2X2 receptors in precerebellar nuclei. .

F. Midbrain/Basal Ganglia

1. Striatum


In vivo release of adenosine from cat basal ganglia was taken as early

support for the existence of purinergic nerves in the brain (Barberis et al.,
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1984). Autoradiographic labeling of P1(A2) receptors showed them to be exclusively restricted to the human caudate nucleus, putamen, nucleus accumbens, and globus pallidus as well as the olfactory tubercle and these receptors were dramatically decreased in the basal ganglia of patients with Huntington's chorea (Martinez-Mir et al., 1991). Adenosine A2A receptor modulation of electrically evoked GABA release from slices of rat globus pallidus was described (Mayfield et al., 1993). A2A receptors were also shown to be prominent in dopamine-innervated areas of the basal ganglia (Svenningsson et al., 1997) and adenosine-dopamine receptor-receptor interactions were proposed to be an integrative mechanism for motor stimulation actions in basal ganglia (Ferre et al., 1997). Dopaminergic principal neurons in the ventral tegmental area do not possess somatic P2 purinoceptors, in contrast to peripheral and central noradrenergic neurons (Poe1chen et al., 1998).

The extracellular actions of adenosine via P1 receptors on the striatum were the first instance in which active purines were recognised; they were largely involved in presynaptic modulation of release of dopamine, ACh, GABA, and glutamate (Harms et al., 1979; see Fuxe et al., 1998; Svenningsson et al., 1999). The P1 receptor subtype involved is predomin​antly A1 but A2 receptors were shown to mediate stimulation of dopamine synthesis (Chowdhury and Fillenz, 1991).

ATP release was demonstrated from affinity-purified rat cholinergic nerve terminals from rat caudate nucleus and adenosine resulting from ectoenzymatic breakdown of ATP, which acted on prejunctional A1 receptors to inhibit ACh release (Richardson and Brown, 1987). The

ATP-induced increase in cytosolic Ca2+ concentration (Sorimachi et al., 2000) and dopamine release (Krügel et al., 1999; 2001a) has been demonstrated in the rat nucleus accumbens. It was shown that A TP was released from cultured mouse embryonic neostriatal neurons (Zhang et al., 1988) and that adenosine is produced from extracellular ATP at the striatal cholinergic synapse (James and Richardson, 1993). ATP-evoked potassium current in rat striatal neurons was shown to be mediated by a P2 purinergic receptor (Ikeuchi and Nishizaki, 1995). ATP increases the extracellular dopamine level in the rat striatum through stimulation of P2Y purinocep​tors (Zhang et al., 1995), although it has been claimed to inhibit dopamine release in the neostriatum (Trendelenburg and Bultmann, 2000). Dopamine facilitates activation of P2X receptors by ATP (Inoue et al., 1992b). Acti​vation of A TP receptors increases cytosolic Ca2+ concentration in nucleus accumbens neurons, involved in locomotion and motivation (Sorimachi et al., 2000). Intraaccumbens injection of 2-meSATP leads to release of dopamine (Kittner et al., 2000).
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A recent study demonstrated A TP-induced in vivo neurotoxicity in the rat striatum via P2 receptors and it was suggested that A TP may be an important mediator of neuropathological events following brain injury (Ryu et al., 2002).

2. Ventral Tegmentum

Extracellular ATP increases cytosolic Ca2+ concentration on ventral tegmental neurons of rat brain (Sorimachi et al., 2002). Stimulation of P2Yl receptors enhance dopaminergic mechanisms in vivo (Krügel et al., 2001 b). GABAergic synaptic terminals from rat midbrain exhibit functional P2X and dinucleotide receptors, able to induce GABA secretion (Gomez Villafuertes et al., 2001) and GABA receptors modulate the activity of P2X receptors (Gomez-Villafuertes et al., 2003). Using synaptasomal preparations of rat midbrain, it was shown that aminergic nerve terminals possess modulatory presynaptic nucleotide and dinucleotide receptors (Giraldez et al., 2001).

G. Hippocampus

There are many papers describing the actions of adenosine via P1

receptors in the hippocampus, including prejunctional modulation and both inhibition and enhancement of transmitter release, influencing long-term potentiation in CA1 neurons and synaptic plasticity (see, for example, Fujii et al., 1999; Costenla et al., 1999; Cunha and Ribeiro, 2000b). Most workers recognize that adenosine is produced following rapid ectoenzymatic breakdown of released ATP (see Dunwiddie et al., 1997).

The first evidence that adenine nucleotides as well as adenosine might be involved in synaptic transmission in the hippocampus was presented in 1981 (Lee et al., 1981). Nicotinamide adenosine dinucleotide (NAD) was shown to depress synaptic transmission in the hippocampus via receptor binding sites that were distinct from those for adenosine (Richards et al., 1983).

Iontophoretic application of ATP depressed glutamate-evoked activity of hippocampal neurons, but experiments to resolve whether the action was via adenosine after breakdown of ATP were not carried out (Di Cori and Henry, 1984). P2 receptor-mediated inhibition of noradrenaline release in the rat hippocampus has been claimed (Koch et al., 1997). 

Field stimulation of hippocampal slices released [3H]- or [14C]adenosine mainly as adenine nucleotides (Jonzon and Fredholm, 1985). ATP release was also shown from rat hippocampal mossy fiber synaptosomes (Terrian et al., 1989). 5’-Nucleotidase was shown to be widespread in the hippocampus of several mammalian species (Lee et al., 1986).
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Stimulation of Schaffer collaterals of rat and mouse hippocampal slices resulted in release of A TP and a stable increase in the size of the population spike known as long-term potentiation (LTP) (Wieraszko and Seyfried, 1989a; Wieraszko and Ehrlich, 1994). The amount of ATP released was significantly greater in seizure-prone mice (Wieraszko and Seyfried, 1989b). Extracellular ATP evoked glutamate release from cultured hippocampal neurons (Inoue et al., 1992a), although it was later claimed that ATP inhibits release of excitatory glutamate, but stimulates release of inhibitory GABA (Inoue, 1998). Evidence for the presence of a metabotropic P2Y receptor in hippocampus neurons has been presented (Mironov, 1994; Ikeuchi et al., 1996). ATP inhibited K+ channels in cultured rat hippocampal neurons through P2Y receptors that showed equipotency to UTP and ATP (Nakazawa et al., 1994), suggesting that a P2Y2 or P2Y4 subtype was involved. It was proposed that glutamate releases ATP from hippocampal neurons to act as a neurotransmitter (Inoue et al., 1995). Evidence using P2 purinoceptor antagonists was presented to suggest that both presynaptic and postsynaptic P2 purinoceptors in the hippocampus modulate the release and action of endogenous glutamate (Motin and Bennett, 1995). ATP inhibits synaptic release of glutamate by acting on P2Y receptors on pyramidal neurons in hippocampal slices (Mendoza-Fernandez et al., 2000). The latest work from this group suggests that there is cooperativity between extracellular ATP and activation of NMDA recep​tors in LTP induction in hippocampal CA1 neurons (Fujii et al., 2002). Presynaptic inhibitory P2 receptors in the hippocampus that inhibit calcium oscillations produced by release of glutamate have also been examined. (Koizumi and Inoue, 1997). ATP released from presynaptic terminals during burst stimulation (or applied extracellularly) is involved in the induction of LTP in CA1 neurons of guinea pig hippocampus through phosphorylation of extracellular domains of synaptic membrane proteins as the substrate for ectoprotein kinase (Fujii et al., 1995, 2000). The latest work from this group suggests that there is cooperativity between extracellular ATP and activation of NMDA receptors in LTP induction in hippocampal CA1 neurons (Fujii et al., 2002). Examination of the effect of ATP on voltage ​clamped, dissociated rat hippocampal neurons showed that over 30%) possessed P2X receptors (Balachandran and Bennett, 1996). ATP can produce facilitation of transmission in rat hippocampal slice neurons, which may require the simultaneous activation of P1 and P2 receptors (Nikbakht and Stone, 2000). Diadenosine pentaphosphate enhanced the activity of N-type Ca2+ channels in rat CA3 hippocampal neurons (Panchenko et al., 1996).


In an analysis of the role of A TP as a transmitter in the hippocampus and its role in synaptic plasticity, Wieraszko (1996) concluded that the

336 







Geoffrey Burnstock

purinergic system is particularly involved in the long-term maintenance, rather than the initial induction, of LTP. In a recent paper, it has been suggested that by controlling the background calcium and thus the activity of NMDA receptors at low firing frequencies, P2X receptors act as a dynamic low-frequency filter so that weak stimuli do not induce L TP (Pankratov et al., 2002b). Inhibitory avoidance training led to decreased A TP diphosphohydrolase activity in hippocampal synaptosomes, suggesting involvement of this enzyme in the formation of inhibitory avoidance memory (Bonan et al., 2000).

A purinergic component of the excitatory postsynaptic current (EPSC)

was identified mediated by P2X receptors in CA1 neurons of the rat hippocampus; EPSCs, which were blocked by PPADS, were elicited by stimulating the Schaffer collateral at a frequency below 0.2 Hz (Pankratov

et al., 1998). Evidence for fast synaptic transmission mediated by P2X receptors in CA3 pyramidal cells of rat hippocampal slice cultures has been reported recently (Mori et al., 2001). Epileptiform activity in the CA3 region of rat hippocampal slices was modulated by adenine nucleotides, probably acting via an excitatory P2X receptor (Ross et al., 1998). 

Binding studies have shown mRNA for several P2 receptor sub types in the hippocampus (Kidd et al., 1995), including binding to (,([3H]meATP (Bo and Burnstock, 1994; Balcar et al., 1995). Immunolocalization of the P2X4 receptor was widespread in the hippocampus; immunopositive cells were prominent in the pyramidal cell layer (in interneurons as well as pyramidal cells), scattered through CA1, CA2, and CA3 subfields as well as within the granule cell layer and hilus of the gentate gyrus (Lê et al., 1998). 

Arguments have been presented that ATP may have a role in the protection of the function of the hippocampus from overstimulation by glutamate (Inoue, 1998; Inoue and Koizumi, 2001). ATP produces an initial rise and later reduction in serotonin release from perfused rat hippocampus, mediated by P2X and P1(A1) receptors, respectively (Okada et al., 1999). Intrahippocampal infusion of suramin, acting either by blocking purinergic neurotransmission or as an inhibitor of ATP degradation, modulated inhibitory avoidance learning in rats (Bonan et al., 1999). Evidence was presented to support the view that ATP and glutamate acting through N-methyl-D-aspartate (NMDA) receptors are required to induce LTP in CA1 neurons of guinea pig hippocampal slices (Fujii et al., 1999). 

There is some exciting recent data indicating a trophic role for ATP in the hippocampus (Skladchikova et al., 1999). It was shown that ATP and its slowly hydrolyzable analogues strongly inhibited neurite outgrowth and also inhibited aggregation of hippocampal neurons; it was suggested that the results indicate that extracellular ATP may be involved in synaptic plasticity through modulation of neural cell adhesion molecule (NCAM)-mediate
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adhesion and neurite outgrowth. Utilization of green fluorescent protein (GFP)-tagged P2X2 receptors on embryonic hippocampal neurons has led to the claim that A TP application can lead to changes in dendritic morphology and receptor distribution (Khakh et al., 2001). Changes in [Ca2+] during A TP-induced synaptic plasticity in guinea pig hippocampal CA1 neurons have been claimed (Yamazaki et al., 2002).

We have recently carried out a study of the single-channel properties of

P2X receptors in outside-out patches from rat hippocampal granule cells that suggests the presence of P2X2/4/6 heteromultimers (Wong et al., 2000). This has been supported by expression studies (Soto and Rubio, 2001). A recent paper implicates P2X7 receptors in the regulation of neurotransmitter release in the rat hippocampus (Sperlágh et al., 2002). Activation of presynaptic P2Xrlike receptors depress mossy fibre-CA3 synaptic transmis​sion through P38 mitogen-activated protein kinase (Armstrong et al., 2002; Armstrong and MacVicar, 2000). 

H Cortex 

The seminal study by Sattin and Rall (1970), showing that adenosine acted via adenylate cyclase to produce cyclic AMP, was carried out on cerebral cortex slices. There were early studies of purinergic transmission in the cortex; electrically evoked release of nucleotides and nucleosides from both brain slices and synaptosomes prepared from cerebral cortex raised the possibility that they may participate in intercellular transmission (Pull and McIlwain, 1972a; Kuroda and McIlwain, 1973, 1974). About the same time, microiontophoretic application of adenine nucleotides was shown to depress the firing of corticospinal and other unidentified cerebral cortical neurons, although ATP had an additional excitant action on some neurons (Phillis et al., 1974, 1979a; Stone and Taylor, 1978). In another study, adenosine and adenine nucleotides were shown to have an inhibitory action on the N wave (a postsynaptic potential) amplitude in neurons of guinea pig olfactory cortex slices, but not on postsynaptic potentials in superior colliculus (Okada and Kuroda, 1975). This was confirmed by Scholfield (1978). Schubert and Kreutzberg (1974) showed that after injections of tritiated adenosine into the visual cortex of rabbits, radioactive material subse​quently appeared in the thalamocortical relay cells of the lateral geniculate nucleus, consistent with synaptic transmission. This was supported by similar experiments in the somatosensory cortex (Wise and Jones, 1976).

Antidepressant drugs such as imipramine and amitriptyline potentiated the suppression of neuronal firing in rat cerebral cortex by adenosine (Stone and Taylor, 1978; Phillis, 1984). Competitive interactions between adenosine
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and benzodiazepines in cerebral cortical neurons were recognized early (see Phillis and Wu, 1981). It was suggested that adenosine was involved in the initial phase of seizure-induced functional hyperemia in the cortex (Schrader et al., 1980). Evidence has been presented to suggest that morphine releases ATP, and that after breakdown to adenosine, depresses neurotransmission in the cortex (Phillis et al., 1979b, 1980; Stone, 1981).

Adenosine has been shown to inhibit release of transmitters from slices of rat cerebral cortex, including noradrenaline (Taylor and Stone, 1980), acetyl​choline (Giovannelli et al., 1988), GABA (Rollins and Stone, 1980), and amino acids (Simpson et al., 1992; von Kügelgen et al., 1992), probably involving both A1 and A3 receptors (Brand et al., 2001). A decrease of adenosine A1 receptor gene expression in the cortex of aged rats has been claimed (Cheng et al., 2000). In contrast, P2X receptors can act presynaptically in olfactory bulbs to enhance the release of glutamate (Bobanovic et al., 2002). P2X receptors have been identified in rat cortical synaptosomes (Lundy et al., 2002).

Although two earlier papers mentioned some direct excitatory effect of

ATP in the cortex (Phillis and Wu, 1981; Stone and Taylor, 1978), serious attention to these actions rather than those of adenosine did not appear until the 1990s. The maximum increase in nucleotide hydrolysis coincided with maximum brain growth, which was taken to indicate a role for ATP and ADP hydrolyzing ectoenzyme activity in neurotransmission (Muller et al., 1990). ATP diphosphohydrolase was shown to be one of the ectoenzymes involved in breakdown of A TP released from synapto​somes (Battastini et al., 1991). ATP-induced inward current in neurons freshly dissociated from the tuberomammary nucleus has been described (Furukawa et al., 1994). Recently, P2X receptors have been shown to mediate synaptic transmission in rat pyramidal neurons of layer II/III of somatosensory cortex (Pankratov et al., 2002a).

Although the presence of presynaptic P1(A1) receptors in the cortex is well established, evidence was also presented for P2Y purinoceptor​mediated inhibition of noradrenaline release in the rat cortex (von-Kügelgen et al., 1994). Release of glutamate from depolarized nerve terminals has also been claimed to be inhibited by both P1I and P2Y receptors (Bennett and Boarder, 2000). Release of ATP from cortical synaptosomes is decreased by vesamicol, which also inhibits acetylcholine, but not glutamate release (Salgado et al., 1996).

ATP receptor-mediated Ca2+ concentration changes in pyramidal neocortical neurons in rat brain slices from 2-week-old rats were mediated by both P2X and P2Y receptors (Lalo and Kostyuk, 1998; Lalo et al., 1998). Responses of cultured rat cerebral cortical neurons to UTP (Nishizaki and Mori, 1998) indicated the presence of P2Y2 and/or P2Y4 receptors. P2Y

10 Purinergic Receptors in the Nervous System 


339
receptors were identified on synaptosomal membranes from rat cortex (Schafer and Reiser, 1999). A P2Y purinoceptor from the adult bovine corpus callosum was cloned and characterized and the mRNA was shown to be present in the frontal cortex (Deng et al., 1998). P2Y1 receptors were shown to be present in cerebral cortical cell cultures from embryonic rats (Bennett et al., 1999). Evidence has been presented that AP5A and ATP activate dinucleotide and P2X receptors, respectively, on human cerebro​cortical synaptic terminals (Pintor et al., 1999). P2Y purinergic and muscarinic receptor activation evoke a sustained increase in intracellular calcium in rat neocortical neurons and glial cells and it was proposed that a common calcium entry pathway was involved (Prothero et al., 2000). Antagonists of P2Y receptors modulate glutamate, kainate, and 2​(aminomethyl)phenylacetic acid. (AMPA)-induced currents in cultured cortical neurons, and this was taken to suggest a potential use of these compounds as neuroprotective agents (Zona et al., 2000). Interaction between P2Y and NMDA receptors in layer V pyramidal neurons of rat prefrontal cortex have been demonstrated recently (Wirkner et al., 2002; Luthardt et al., 2003).

/. Physiology and Pathophysiology of Purinoceptors in Brain

The depressant actions of adenosine, and the relation of adenosine to the central actions of methylxanthines such as caffeine (Daly et al., 1981), and the role of adenosine as an endogenous anticonvulsant were recognized early (Dragunow, 1988). Subsequently adenosine receptor involvement in anxiety, sleep, depression, neuroprotection, mood regulation, circadian rhythms, cerebral ischemia, epilepsy, analgesia, and movement disorders has been explored (see Williams, 1987; Barraco, 1991; Chagoya, 1995; Sebastiao and Ribeiro, 1996; Guieu et al., 1996; Muller, 1997). More recently, there has been interest in the potential role of adenosine antagonist therapy for Parkinson's disease (see Mally and Stone, 1996; Richardson et al., 1997; Grondin et al., 1999), and in adenosine receptors as targets for therapeutic intervention in neurodegenerative diseases (see Abbracchio and Cattabeni, 1999). The therapeutic potential of adenosine kinase inhibitors is also attracting current attention (see Kowaluk and Jarvis, 2000).

Interest in the physiological and pathophysiological roles of ATP in the brain is only just beginning, although there was some early exploration of the effect of ATP on the area postrema, the chemoreceptor trigger zone for vomiting (Borison, 1974), and of ATP involvement in depression (Naylor et al., 1976; Whalley et al., 1980; Rybakowski et al., 1981; Agren et al., 1983). Physiological roles for ATP and adenosine in both lateral inhibition
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and central facilitation in the CNS provoked the hypothesis that purines are involved in memory (Kuroda, 1989; Chen et al., 1996; Bonan et al., 2000). Inoue et al. (1996) reviewed evidence for the involvement of ATP in schizophrenia (see also Lara and Souza, 2000) and in central regulation of the autonomic nervous system, as well as in memory and learning. Evidence for the modulation of epileptiform activity in the CA3 region of rat hippocampus by adenine nucleotides has been presented (Ross et al., 1998). Chronic stress affects hydrolysis of adenine nucleotides in the frontal cortex and hypothalamus of rats (Torres et al., 2002).

Escalating recent studies of the functional roles of P2 receptors in the brain include the neuroprotective effects of P2 receptor antagonists (Volonte et al., 1999), immunohistochemical localization of P2Y1 purinoceptors in Alzheimer's disease (Moore et al., 2000b), and central nervous (brainstem) control of cardiovascular, respiratory, urogenital, and gut function (Phillis et al., 1997; Horiuchi et al., 1999; Thomas et al., 1999; Thomas and Spyer, 2000; King et al., 2000; Rocha et al., 2001).

V. FUTURE DEVELOPMENTS

The field of nucleotides and their receptors in the nervous system is still in its infancy and I predict a rapid expansion of interest in this field in the coming years. Some of the directions these studies are likely to take are the development of transgenic mice with absent or enhanced P2 receptor subtypes, behavioral studies of the effects of purines and pyrimidines and related compounds applied to the brain, trophic roles of nucleotides in cell development and death in various pathophysiological conditions, resolution of ATP membrane transport mechanisms, and the development of selective agonists and antagonists that work in vivo for therapeutic application in a variety of diseases.
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