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ABSTRACT

ATP is an important extracellular signalling molecule, mediating its effects 

by activation of P2X and P2Y receptors. Evidence for the presence of P2 receptors in 

skeletal muscle was first published over 15 years ago. However, the identities and 

functional significance of purinoceptors on skeletal muscle cells has remained 

unclear.

Using a variety of techniques, purinoceptor subtype expression and function 

was studied. P2 receptors were detected during mammalian skeletal muscle 

development, regeneration in vivo and regeneration in vitro. In all cases, the 

purinoceptor subtypes expressed, and the timing and pattern of receptor expression 

were similar. Whereas the P2Xs and P2Yi receptors were detected early in muscle 

formation, suggesting that purinergic signalling might regulate myoblast activity, co

expression of the P2X: receptor and AChRs on myotubes suggested the involvement 

of this receptor in the regulation of AChR activation and localisation.

The functional significance of P2 receptor expression on myoblasts was 

studied using primary cultures of rat skeletal muscle satellite cells. Application of 

ATP shifted the balance between proliferation and differentiation of satellite cells: 

exposing cells to ATP reduced the rate of proliferation, but increased levels of 

myogenin and p21 mRNA expression. Application of ATP also increased the 

expression of myosin heavy chain and the rate of myotube formation. The 

pharmacology of these effects and characterisation of purinoceptor expression on 

satellite cells, demonstrated the involvement of a P2Xs receptor. This receptor 

mediated changes in satellite cell activity by activating the MAPK signalling system. 

Application of ATP to satellite cells caused a rapid and significant increase in the 

phosphorylation of MAPKs and inhibition of p38 phosphorylation specifically, 

blocked the effect of ATP on satellite cell number.



Thus, this is one of the first studies to demonstrate the expression of P2 receptors 

on developing and regenerating skeletal muscle, and link specific P2 receptor subtypes 

to processes in muscle formation.
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PREFACE

In this preface, I would like to give a short outline of the different chapters in this 

thesis. The work presented here has focused on the expression and role of purinergic 

signalling in the formation of skeletal muscle fibres. The maturation and innervation of 

muscle fibres has also been considered.

Extracellular nucleotides are widely recognised as important signalling 

molecules mediating a wide variety of functions. They act via two types of receptors, 

P2X and P2Y receptors. P2X receptors are ligand-gated ion channels and activation of 

these receptors by extracellular ATP elicits a flow of cations (Na"̂ , K'*’ and Câ '*') across 

the plasma membrane. In contrast, P2Y receptors arejG protein-coupled receptors, which 

act principally by activating phospholipase C, leading to formation of inositol 1,4,5- 

trisphophate and the mobilisation of intracellular Câ "̂ .

This project was based on a number of electrophysiological and expression 

studies, mainly conducted in vitro, demonstrating the presence of P2 receptors on 

developing skeletal muscle. However, there was little information regarding either the 

identity of the P2 receptor subtypes expressed on mammalian skeletal muscle cells, or 

the functional importance of this receptor family in skeletal muscle development or 

regeneration.

Chapter 1 provides a general introduction to: I. muscle structure, the 

development of muscle fibres, the formation of the neuromuscular junction and muscle 

regeneration; H. the rapidly expanding field of purinergic signalling, introducing the 

history, classification and characterisation of receptor subtypes, and the source, 

breakdown and physiological roles of extracellular nucleotides; IQ. the current 

understanding of purinergic signalling in skeletal muscle.
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In the first experimental chapter (Chapter 2), the expression of P2X receptors 

was studied on developing rat skeletal muscle using immunohistochemistry. This study 

demonstrated the dynamic expression of three P2X receptor subtypes during skeletal 

muscle development. The timing and pattern of purinoceptor expression suggested that 

P2 receptors could be of functional importance in secondary myotube formation, post

natal muscle growth and innervation. However, limited access to embryos during 

myogenesis and the absence of appropriate pharmacological tools, made it difficult to 

address the question of P2 receptor function in vivo.

In Chapters 3 and 4 (the second and third experimental chapters), skeletal muscle 

formation was studied in culture, thus allowing cells to be assayed and manipulated with 

ease. The validity of using primary cultures of rat skeletal satellite cells to study the role 

of purinergic signalling in myogenesis depended on whether P2 receptor expression was 

maintained in culture. In Chapter 3, immunocytochemistry, RT-PCR and 

electrophysiology were used to characterise P2X and P2Y receptor expression on 

skeletal muscle satellite cells and myotubes maintained in vitro.

The aim of Chapter 4, the third experimental chapter, was to investigate the 

function of P2 receptors on satellite cells in culture. Using a variety of assays and 

markers of satellite cell activity, the effect of ATP on cell proliferation, commitment to 

differentiation and fusion were measured. The identity of the receptor subtypes and the 

intracellular mechanisms involved in mediating the effects of ATP, were explored using 

various agonists, antagonists and inhibitors, and Western blotting for activated forms of 

MAPK proteins.

The final experimental chapter (Chapter 5) explored whether purinergic 

signalling was also involved in muscle regeneration in vivo. The mdx mutant mouse, a 

widely studied model of human muscular dystrophy, was used to investigate this process 

in a clinically relevant system. P2X and P2Y receptor expression was examined on 

skeletal muscle at various stages, using immunohistochemistry. These experiments 

demonstrated expression of P2 receptors both on activated satellite cells and myotubes.

18



In Chapter 6 , the major findings of this thesis are summarised and discussed in a 

broader context. I explore the relevance of these findings to normal muscle function and 

pathogenesis, and propose future directions for research. I also consider whether these 

findings might also shed some light on a more general role for purinergic signalling, and 

the P2Xs receptor in particular, in cell differentiation.
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CHAPTER 1

GENERAL INTRODUCTION

Research on the role of purinergic signalling in skeletal muscle development and 

regeneration should be informed by an understanding of both the processes involved in 

muscle formation, and the known functions of purinergic signalling. In the first part of 

this chapter, I will briefly describe the structure of adult mammalian skeletal muscle, and 

the processes involved in forming and maintaining this structure. In Part 2 ,1 will outline 

the present understanding of purinergic signalling, and in particular the trophic actions 

of extracellular nucleotides. In the final part of this chapter (Part 3), I will summarise the 

findings of past research on purinergic signalling in skeletal muscle.

PART 1: SKELETAL MUSCLE

\..T o move things is all that mankind can do; ...for such the sole executant is 

muscle, whether in whispering a syllable or in felling a forest.”

Charles Sherrington, 1924

In order to produce powerful, yet precise movements, muscle fibre structure and 

innervation must be maintained. In this introduction I focus on muscle fibres and their 

innervation. The following sections aim to outline, a) the normal structure of adult 

skeletal muscle, b) the key events involved in the development and regeneration of 

mammalian skeletal muscle fibres and, c) the establishment of their structural 

relationship to motor nerves.

20



SKELETAL MUSCLE STRUCTURE

In this section I will consider three structures in adult skeletal muscle: muscle 

fibres, the neuromuscular junction and satellite cells.

Skeletal muscle fibres:

Adult skeletal muscle fibres are large cells with a diameter of 50-100 pm. Their 

length varies from cell to cell, in some instances being more than 1 0 0 0  times greater 

than the diameter. Each fibre contains many nuclei and is packed with contractile 

myofibrils in an organized arrangement (see Fig. 1.1). Sarcoplasm, mitochondria and 

other cellular elements are packed between the myofibrils.

1.1. Diagram of a muscle fibre.

m n n n D

NUCLEI MYOFIBRIL

Myofibrils are composed of overlapping, repeating assemblies o f thick (mainly 

myosin) and thin (mainly actin) filaments. Ultrastructurally, the thick and thin filaments 

are held in place by plates of accessory proteins, which divide the myofibrils into 

functional units called sarcomeres. In muscle contraction the actin filaments slide along 

the myosin filaments. This process is driven by the heads o f the myosin molecules, 

which bind to actin and (in a sequence o f binding and release movements) “walk” along 

the actin filament. This repetitive binding and release is powered by the hydrolysis of
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adenosine 5’-triphosphate (ATP). Control of muscle contraction is achieved by the 

troponin complex, which binds to actin and prevents muscle contraction by blocking the 

myosin-actin interaction. This is reversed by high concentrations of intracellular Ca^ .̂

The signal for contraction physiologically is an action potential, which triggers 

contraction almost simultaneously in all the myofibrils throughout the thickness of the 

muscle fibre. This rapid response is achieved by the release of Câ "̂  ions from the 

sarcoplasmic reticulum, which lies between the myofibrils and extends longitudinally 

over the sarcomeres. It is linked to the surface by transverse tubules, tube-like 

invaginations of the surface membrane. Depolarisation, spreading down the T-tubule 

system triggers the opening of voltage-sensitive channels in the sarcoplasmic reticulum 

and thus the release of Ca^  ̂ ions. Ca^  ̂ ions bind troponin C, causing a conformational 

change in the troponin complex allowing myosin access to the actin filament.

The existence of different types of muscle fibre in adult mammalian muscles is 

well established. Muscle fibres differ from each other according to their membrane 

properties, contractile characteristics, pattern of innervation, sensitivity to acetylcholine 

(ACh), sarcomeric protein expression and other biochemical and physiological 

properties. Two main muscle fibre types (type 1 and type II) were initially identified on 

the basis of enzyme histochemistry (Engel, 1962). Slow muscle fibres (type I) express 

specialised forms of myosin and sarcomeric proteins that are highly efficient in the 

conversion of chemical energy into contractile work. Fast twitch muscle fibres are called 

upon infrequently for swift and powerful bursts of contractile work. Fast twitch muscle 

fibres are further subdivided into type Ila and Ilb fibres. In general, muscles with a role 

in maintaining posture have a high proportion of type 1 fibres, while muscles used for 

short bursts of power have a high proportion of type II fibres. Advances in molecular 

and histological techniques have lead to the recognition of a greater variety of muscle 

fibre types (for review see Zhang et al., 1998).
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The neuromuscular junction:

In normal adult skeletal muscle, muscle fibre contraction occurs only on nerve 

stimulation. On depolarisation of the nerve terminal, neurotransmitters are released, 

notably ACh and ATP. ACh binds to nicotinic acetylcholine receptors (AchRs) in the 

muscle plasma membrane, causing an influx of Na^ and a localised membrane 

depolarisation. This local depolarisation triggers a generalised depolarisation involving 

the entire plasma membrane, the release of Ca^^ from intracellular stores and ultimately 

muscle fibre contraction.

1.2. Diagram to show the structure of the mammalian neurom uscular junction.

SCHWANN CELLS

SECRETORY VESICLE 
/  (containing CGRP)

SECRETORY VESICLE 
(containing ACh and ATP)

NERVE TERMINAL

AChRs

L3 BASEMENT 
MEMBRANE

JUNCTIONAL
FOLDS

SYNAPTIC
CLEFT

SKELETAL MUSCLE FIBRE

Chemical transmission between nerve and muscle occurs at the neuromuscular 

junction (NMJ) (see Fig. 1.2). NMJs are commonly found within a narrow band in the 

midline of skeletal muscles, each muscle fibre having a single NMJ. The NMJ 

compromises of portions of three cells: motor neuron, muscle fibre and Schwann cell 

(for review see Sanes and Lichtman, 1999; Sanes and Lichtman, 2001).
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The motor nerve terminal is specialised for neurotransmitter release. It bears 

large numbers of synaptic vesicles containing neurotransmitter, and numerous 

mitochondria. Many of the vesicles are localised at dense patches on the presynaptic 

membrane, called active zones, at which vesicles fuse with the membran'e to release their 

contents into the synaptic cleft. Schwann cell processes cap the nerve terminal, 

insulating it from the environment and providing it with trophic signals.

The postsynaptic muscle fibre membrane is specialised to respond rapidly and 

reliably to ACh release from the overlying nerve terminal. It bears an extremely high 

concentration of AChRs (>10,000 receptors/ |im^), declining rapidly to a low 

concentration of extrasynaptic receptors (-10 receptors/ ^m^) (reviewed in Salpeter and 

Loring, 1985). Several signalling molecules are also concentrated in the membrane, 

including the neuregulin receptors (erbB3 and erbB4) (Zhu et al., 1995) and the P2Yi 

receptor (Choi et al., 2001). The postsynaptic membrane is depressed into gutters 

beneath the nerve terminal, and then further invaginated into junctional folds that open 

directly opposite active zones. AChRs are concentrated mainly at the crests and partway 

down the folds.

Finally, a basal lamina ensheaths each muscle fibre, passes through the synaptic 

cleft and extends into the junctional folds. In addition to the normal components of basal 

lamina (collagen IV, laminin, entactin and heparin sulphate proteoglycans), the synaptic 

basal lamina also contains a collagen-tailed form of acetylcholinesterase (AChE) 

(required for the breakdown of ACh), a set of glycoconjugates and the signalling 

molecules, agrin and neuregulin (Scott et al., 1988; Krejci et al., 1997).
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Skeletal muscle satellite cells:

Resident within adult skeletal muscle is a population of mononucleated cells, 

termed satellite cells. These cells are thought to be largely responsible for the post-natal 

growth and repair o f skeletal muscle (for review see Bischoff, 1994; Schultz and 

McCormick, 1994; Hawke and Garry, 2001).

1.3. Diagram demonstrating location of skeletal muscle satellite cell.

MYONUCLEUS
BASEMENT
MEMBRANE SATELLITE CELL

SKELETAL M ySeLE FIBRE

Satellite cells are located at the periphery of mature, multinuclear muscle fibres 

and lie beneath the external basal lamina of the associated muscle fibre (Mauro, 1961; 

Armand et al., 1983; Bischoff 1990; 1994). In normal adult muscle (2 months for mice), 

satellite cells are infrequent and account for less than 5% o f muscle nuclei (Feldman and 

Stockdale, 1992; Bischoff, 1994).
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DEVELOPMENT OF MUSCLE FIBRES

Skeletal muscle originates from the mesodermal cells of the somites. How these 

undifferentiated cells give rise to large, multinucleated muscle fibres will be described in 

this section (for review see Perry and Rudnicki, 2000; Buckingham, 2001). 

Development of skeletal muscle fibres is a multi-step process, involving:

• Specification of the myogenic lineage

• Migration of myoblasts

• Commitment of myoblasts to terminal differentiation

• Myoblast fusion and formation of myotubes

• Myotube differentiation into muscle fibres

Before describing muscle formation in detail, it is useful to consider some of the 

general features of this process, in particular the gene families involved and the role of 

innervation.

The myogenic regulatory factors (MRFs), a family of nuclear proteins, play a 

crucial role in the specification and differentiation of skeletal muscle cells. The MRFs 

consist of MyoD, Myf5, myogenin and MRF4 (Braun et al., 1989; Davis et al., 1987; 

Edmondson and Olson, 1989; Rhodes and Konieczny, 1989; Wright et al., 1989; Braun 

et al., 1990; Miner and Wold, 1990). The defining feature of all MRFs is their ability to 

activate skeletal muscle differentiation when expressed ectopically in non-muscle cells. 

As part of the superfamily of basic helix-loop-helix (bHLH) transcription factors, MRF 

proteins contain a conserved basic DNA-binding domain and a HLH motif required for 

heterodimerisation. Thus, MRFs form heterodimers with E proteins to bind DNA motifs 

in the promoters of many skeletal muscle-specific genes and mediate gene activation in 

an MRF-dependent manner (Lassar et al., 1989; Murre et al., 1989; Blackwell and 

Weintraub, 1990).
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Although originally thought to be capable of functionally replacing one another, 

gene-targeting experiments have identified distinct roles in myogenesis for these 

transcription factors. The primary MRFs, MyoD and Myf5, are required for commitment 

of proliferating somitic cells to the myogenic lineage (Rudnicki et al., 1993). Further 

proliferation and differentiation of cells of the myogenic lineage depends on the action 

of the secondary MRFs, myogenin and MRF4 (Hasty et al., 1993; Nabeshima et al., 

1993; Zhang et al., 1995). Thus skeletal muscle formation can be viewed in terms of 

stages, defined by dependence on the expression of particular MRFs.

The later phases of muscle formation, in particular the postnatal maturation of 

muscle fibres can also be defined in terms of their dependence on innervation. During 

early embryonic development, skeletal muscle fibres and motoneurons can, to a large 

extent, develop independently. However, at a certain stage of development they become 

critically dependent on each other. Structural and functional nerve-muscle contacts are 

required to ensure the development and maintenance of the normal numbers, maturation 

and differentiation of muscle fibres (for review see Vrbova et al., 1995). The molecular 

mechanisms regulating these later phases of muscle formation are beginning to be 

identified.

The aim of the following sections is to introduce the critical events and processes 

in mammalian skeletal muscle development. However, this is by no means a full 

description (for a review see Vrbova et al., 1995; McComas, 1996; Perry and Rudnicki, 

2000; Buckingham, 2001).
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1.4. Summary diagram of the processes involved in the development of muscle 

fibres.
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Specification of the myogenic lineage:

Cells destined to become skeletal muscle (presumptive myoblasts) originate in 

the somites, blocks of para-axial mesoderm. During somitogenesis, anatomically 

adjacent structures, including the overlying ectoderm, the ventromedial neural tube, 

notochord and aorta, provide signals necessary for myogenic determination (for recent 

review see Buckingham, 2001). These factors (including Wnt proteins. Sonic hedgehog, 

bone morphogenic proteins, fibroblast growth factors and transforming growth factor-p) 

determine muscle identity by affecting the expression of the myogenic transcription 

factors, MyoD and Myf5. Expression of either MyoD or Myf5 is essential for the 

specification of the myogenic lineage: While the targeted disruption o f either MyoD or 

Myf5 results in the formation of normal skeletal muscle, mice deficient for both factors 

die at birth due to a complete absence of skeletal myoblasts and muscle (Braun et al., 

1992; Rudnicki et al., 1992; Rudnicki et al., 1993).

1.5. Derivation of muscle precursor cells during mouse embryogenesis.
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Secreted factors also act together to define the dorsomedial/ epaxial region and 

the ventrolateral/ hypaxial region of the somite. Whereas the cells of the epaxial region 

primarily express Myf5 and generate the muscles of the back, those of the hypaxial 

region express MyoD and give rise to the abdominal, intercostal and limb musculature 

(for review see Perry and Rudnicki, 2000).

Migration of myoblasts:

Migration of cells from the hypaxial region of the somite is required for the 

formation of the limb musculature. A number of proteins have been implicated in this 

process, including Pax3, c-Met and its cognate ligand (hepaytocyte growth factor, HGF), 

Gabl and Lbxl (for review see Buckingham, 2001).

Loss-of-function mutations in Pax-3, c-met or HGF prevent the development of 

the limb musculature, while maintaining normal myotomal development (Bober et al., 

1994; Goulding et al., 1994; Bladt et al., 1995; Maina et al., 1996). It should be noted 

that although migration of muscle precursors is impaired, the cells of the hypaxial 

myotome are specified to the myogenic lineage and are capable of terminal 

differentiation (Bladt et al., 1995; Daston et al., 1996; Dietrich et al., 1999).

The absence of a distinct migratory phase in the development of myotomal 

muscles, such as those of the trunk, means that these muscles develop more rapidly than 

those of the limbs (for review see Christ and Ordahl, 1995). This point must be borne in 

mind when examining and comparing the time course of events in development of 

different muscles.
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Commitment of myoblasts to terminal differentiation;

The formation of a single muscle requires that millions of myoblasts be created. 

This enormous cellular proliferation starts in the somites. However, in order to form 

muscle fibres, precursor cells must eventually commit to terminal differentiation. Gene 

targeting experiments demonstrate the importance of two MRFs in this process, 

myogenin and MRF4. Consistent with the appearance of myogenin at the onset of 

differentiation, lack of myogenin leads to perinatal death due to a severe deficiency of 

muscle fibres in newborn mice (Hasty et al., 1993; Nabeshima et al., 1993). Inactivation 

of the MRF4 gene though not lethal, results in upregulation of myogenin and rib 

abnormalities (Zhang et al., 1995).

Commitment to terminal differentiation is also closely associated with changes in 

cell cycle regulation and ultimately the withdrawal of myoblasts from the cell cycle. Up

regulation of the cyclin/ cyclin-dependent kinase (cdk) inhibitors and the retinoblastoma 

protein (pRb) are important for cell cycle exit, resistance to apoptosis, MyoD stability 

and the induction of myogenin (Halevy et al., 1995; Wang and Walsh, 1996; Reynaud et 

al., 1999; Zhang et al., 1999). Thus, inactivation of pRb, permits terminally 

differentiated myotube nuclei to re-enter the S-phase of the cell cycle and inhibits 

myogenesis (Tiainen et al., 1996; Mal et al., 2000). Similarly, inactivation of both p21 

and p57 (cell cycle arrest proteins) results in a phenotype nearly identical to that 

observed in myogenin null mice (Zhang et al., 1999).

Many growth factors, including fibroblast growth factors (FGFs), insulin-like 

growth factors (IGFs) and platelet-derived growth factor (PDGF), are known to mediate 

effects on myoblast differentiation. A number of distinct intracellular signalling 

pathways have been identified in the regulation of this process. These pathways have 

been shown to involve protein kinase C (PKC), phosphatidylinositol 3-kinase (PI3’K), 

mitogen-activated protein kinases (MAPKs) and calcineurin signalling (reviewed by 

Perry and Rudnicki, 2000; Olson and Williams, 2000a; 2000b).
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Myoblast fusion and formation of myotubes:

Following cell cycle exit and the expression of muscle-specific proteins, 

myoblasts extend cytoplasmic processes that explore the surfaces of other myoblasts and 

myotubes lying nearby. Once the cells have recognised each other as myoblasts (or as 

myoblast and myotube) they align, adhere to each other and form structures resembling 

gap junctions (Rash and Fambrough, 1973). Fusion, the break down of the apposed cell 

membranes, depends on the entry of Câ "̂  ions into myoblasts. Removal of Câ '̂  ions, or 

blocking Câ "̂  entry pharmacologically prevents myoblast fusion in culture (Shainberg et 

al., 1969). Several naturally occurring agents can induce Ca^^ entry in myoblasts in 

culture, including prostaglandin E and ACh (Entwistle et al., 1988a; 1988b).

In vivo, myoblast fusion and formation of myotubes occurs in two temporally 

distinct waves involving at least two populations of myogenic cells. These two 

populations give rise to primary and secondary myotubes. The latter are responsible for 

the majority of muscle fibres in adult muscle (Kelly and Zacks, 1969; Ontell and 

Kozeka, 1984; Ross et al., 1987). Primary myotubes develop first, at approximately day 

13 postcoitum in the mouse embryo. After a delay of two days, secondary myotubes 

form. Whereas primary myotubes are formed by the synchronous fusion of myoblasts, 

secondary myotubes develop from the middle of the muscle in close association with the 

neuromuscular junctions of guiding primary myotubes (Duxson et al., 1989). They 

extend by the asynchronous fusion of myoblasts at their ends (Zhang and McLennan,

1995) to finally attach to the muscle tendons (Duxson and Usson, 1989). This second 

phase of myotube formation is modulated by nerve-induced activity in muscle and 

possibly ACh release. Destruction of the motoneurons early in development results in 

the production of only a small number of muscle fibres, about equal in number to the 

normal population of primary myotubes (Harris, 1981).
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Myotube enlargement and differentiation into mature muscle fibres:

Maturation of myotubes into fully differentiated muscle fibres depends on the 

presence of functional innervation. Motor nerve activity can effect the expression of 

specific genes that define muscle fibre subtypes and regulate muscle fibre size (Vrbova 

et al., 1995; Buonanno et al., 1998). Crossing the motor nerves supplying muscles, or 

imposing particular types of activity by electrical stimulation on muscle fibres is 

sufficient to change their properties. Similarly, changing the mechanical load on muscles 

can produce changes in muscle fibre size and type (for review see Vrbova et al., 1995).

Câ "̂  signalling plays a central role in mediating the effects of innervation and 

muscle activity on muscle fibre properties (for review see Olson and Williams, 2000a; 

2000b). The Ca^ ,̂ calmodulin-dependent protein phosphatase, calcineurin has been 

shown to control skeletal muscle hypertrophy by acting as a sensor that couples 

prolonged changes in Câ "̂  levels to changes in gene expression (Musaro et al., 1999; 

Semsarian et al., 1999). There is also growing evidence to suggest that calcineurin is 

involved in the determination of muscle fibre type. Calcineurin activates the slow 

muscle fibre-specific gene program (Chin et al., 1998; Naya et al., 2000). Transcription 

factors of the NFAT (nuclear factor of activated T-cells) and MEF2 family play an 

important role in both calcineurin-dependent hypertrophy and fibre type determination. 

Calcineurin activates NFAT transcription factors by dephosphorylation to permit nuclear 

translocation. In the nucleus NFATs interact with other transcription factors, notably 

MEF2s and activate gene expression by binding to muscle and fibre-type specific gene 

promoters (Crabtree, 1999).
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SKELETAL MUSCLE INNERVATION

Motor axons reach target muscles as myoblasts are fusing to form myotubes. 

Once the motor axon’s growth cone contacts a newly formed myotube, synaptic 

transmission begins rapidly. However, initially the efficacy of transmission is low, 

reflecting the absence of both pre- and post-synaptic specialisations. Many processes 

must occur before the nerve and muscle fibre establish a mature relationship, 

characterised by effective and reliable neurotransmission.

The key events following nerve muscle contact are:

• Pre-synaptic differentiation of the motor nerve terminal

• Post-synaptic differentiation of the muscle fibre

• Synaptic maturation

• Synapse elimination

The following paragraphs aim to give a brief description of these processes. For 

further information please see Sanes and Lichtman (1999), Sanes and Lichtman (2001), 

and Ferns and Carbonetto (2001).

Pre-synaptic differentiation of the motor nerve terminal:

Growth cones release neurotransmitter even before they make contact with 

muscle fibres and spontaneous and evoked neuromuscular transmission begins within 

minutes of nerve-muscle contact (Kidokoro and Yeh, 1982; Young and Poo, 1983; 

Chow and Poo, 1985; Xie and Poo, 1986; Evers et al., 1989). However, synapses are 

initially very weak, in part because very little transmitter is released from nerve 

terminals (Kullberg et al., 1977). The nerve terminals, at the time of contact with 

myotubes, are simple bulbous enlargements (Linden et al., 1988). Differentiation of the 

nerve terminals results in an increase in both the number and volume of synaptic
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vesicles. These vesicles become clustered at active zones, and the nerve terminal 

becomes polarised (Kelly and Zacks, 1969; Ko, 1985; Takahashi et al., 1987; Buchanan 

et al., 1989; Lupa and Hall, 1989).

Post-synaptic differentiation of the muscle fibre:

On fusion of myoblasts, AChR expression is upregulated. AChR subunit genes 

are transcribed (a, P, y and 8 ), translated, assembled into pentamers («2^78) and inserted 

into the membrane to produce a density of approximately j 1000  receptors/ pm on the 

myotube membranes. Post-synaptic differentiation involves, transforming this uniform 

distribution of receptors into a high concentration of AChRs directly beneath the nerve 

terminal (>1 0 ,0 0 0 /  pm^) and a low concentration of receptors extrasynaptically («10/ 

pm^ within several micrometers of the nerve iterminal edge) (Fambrough, 1979).

Synaptic maturation:

Although, synapses between nerve and muscle are present and fully functional at 

birth, they are still very different from mature NMJs. There are a number of key changes 

which occur: the junction changes from an oval plaque to a pretzel-like set of branches 

(Nystrom, 1968; Steinbach, 1981; Slater, 1982; Balice-Gordon et al., 1993); the post- 

synaptic membrane changes from a flat sheet to an invaginated surface with gutters and 

folds (Desaki and Uehara, 1987); the AChRs change from the embryonic form (subunit 

composition «zPôy) to the adult form (subunit composition a 2PSe) (Mishina et al., 1986; 

Missias et al., 1996).
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Synapse elimination:

At birth many o f the muscle fibres are innervated by more than one motor axon 

(termed polyneuronal innervation). All inputs, but one are withdrawn during early 

postnatal life to produce muscle fibres innervated by only a single motor nerve. This 

process depends on synapse activity (O’Brien et a l , 1978; Gordon and Van Essen, 1983; 

Lichtman et a l , 1985).

1.6. Diagram to show the process of post-synaptic differentiation at the 

neuromuscular junction.

A, On formation o f myotubes, AChR clusters (blue) are expressed across the myotube membrane. B, 

AChR clusters coalesce to form a loose aggregate. C, Late in embryogenesis, the aggregate consolidates to 

form a plaque; its borders sharpen, its length decreases and AChR density increases. D, Postnatally the 

plaque becomes perforated to eventually form a pretzel-like array of branches. Change in AChR colour 

(from blue to green) denotes the switch from y- to e-containing AChRs. E, At birth, the plaque is indented 

to form a gutter F, In the first postnatal month, the plaque is invaginated to form folds. AChRs are 

concentrated at the crests of the folds.
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All the processes described above are important for the formation of a mature 

NMJ and the adult pattern of muscle innervation. However, since this thesis aims to 

investigate the role of purinergic signalling in directing muscle development, I will 

focus on post-synaptic differentiation. Furthermore recent studies have changed the 

general understanding of this process.

Maturation of myotubes involves the redistribution of AChRs: The uniform 

expression of AChRs across the whole myotube membrane is transformed into a 

concentrated plaque of receptors apposed to the nerve terminal, in the centre of an 

otherwise uniform structure. Past research has tended to support the concept that the 

precise apposition of pre- and post-synaptic apparatus is dependent on the nerve. For 

example, studies conducted in vitro demonstrated that although aneural muscle cells in 

culture develop clusters of AChRs, when neurons are added to the cultures, growth 

cones often ignore these clusters and innervate other regions of the cell (Anderson and 

Cohen, 1977; Frank and Fischbach, 1979).

Neural control of postsynaptic differentiation has been attributed to the release of 

a number of factors from the nerve terminal, in particular agrin. Together, agrin and 

other factors released from the nerve terminal, including neuregulin, calcitonin gene- 

related peptide (CGRP), AChR-inducing activity (ARIA) and most recently ATP (Choi 

et al., 2001), are thought to affect AChR re-distribution by: clustering receptors, 

increasing the transcription of AChR subunit genes in subsynaptic nuclei, and repressing 

transcription of AChR subunit genes in extrasynaptic nuclei (for review see Sanes and 

Lichtman, 1999; Sanes and Lichtman, 2001).

However, the case for sole control of post-synaptic differentiation by innervation 

is being challenged. Studies conducted by Harris and co-workers over 20 years ago 

demonstrated that developing skeletal muscle {in vivo) rendered aneural by neurotoxins 

still expressed AChRs in a localised region of the muscle (Braithwaite and Harris, 1979; 

Harris, 1981). Recently several groups have replicated Harris’s observations using 

genetic methods to prevent motor innervation or eliminate motor neurons. Using HB9-
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deficient mice or by selectively expressing diptheria toxin in post-mitotic motoneurons, 

the possibility of innervation, however transient was eliminated (Lin et al., 2001; Yang 

et al., 2001). Despite the absence of motor innervation, AChR and AChE aggregates 

were detected on aneural muscle fibres in the central region of the muscle. This 

patterning extended to transcription of AChR genes by central nuclei. AChR a  and y 

subunit mRNAs were selectively expressed in the central muscle region. In both cases 

the band of AChR protein and mRNA expression was more diffuse and wider than in 

normal muscle, but still localised to the centre of the myotubes.

These experiments also provided evidence for the existence of a dispersal factor 

released from motor nerves. Contrary to expectation, whereas AChR aggregates were 

large and numerous in the absence of innervation, aggregates were small and few in the 

absence of agrin (Lin et al., 2001). Thus it seems that motor nerves provide a signal in 

addition to agrin, which can cause the dispersal of AChR clusters. Together, these 

observations suggest that muscle is pre-pattemed to produce post-synaptic 

specialisations, but that motor neurons might refine these specialisations by stabilising 

some AChR clusters and dispersing others. The mechanism underlying pre-patteming, 

the identity of the dispersal factor, and the functional significance of aneural clusters in 

synapse formation are not known.
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SKELETAL MUSCLE REGENERATION

Adult mammalian skeletal muscle fibres are large, terminally differentiated cells 

containing only post-mitotic nuclei. The maintenance of these fibres is an active process. 

Even in normal muscle, eccentric contractions or excessive exercise can cause 

membrane tears, and as a result muscle fibre necrosis. More extensive muscle 

degeneration and necrosis can occur in pathological conditions (see Table 1.1), such as 

the inherited myopathies, ischaemia or secondary to denervation.

Table 1.1. Summary and classification of muscle diseases.

TYPE OF MUSCLE DISORDER EXAMPLES

MUSCULAR DYSTROPHIES DUCHENNE, BECKER, LIMB GIRDLE, 

CHILDHOOD, FACIOSCAPULOHUMERAL

MYOTONIC DISORDERS DYSTROPHIA MYOTONICA 

MYOTONIA CONGENITA

INFLAMMATORY INFECTIVE, UNKNOWN

ENDOCRINE THYROID DISEASE, CUSHING'S DISEASE 

ADDISON'S DISEASE, HYPERPARATHYROIDISM

METABOLIC GLYCOGEN STORAGE DISEASES, PERIODIC 

PARALYSES, MITOCHONDRIAL DISEASES

TOXIC CORTICOSTEROIDS, ALCOHOL, 

CHLOROQUINE, AMINODARONE ETC.

NEUROGENIC PERIPHERAL NERVE DISEASE 

MOTOR NEURON DISEASES
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The response to muscle injury involves many cell types, including satellite cells, 

immune cells and motor neurons. Necrotic muscle fibre regions are rapidly infiltrated by 

macrophages and neutrophils, which phagocytose cell debris. Furthermore, in cases 

where the entire muscle fibre becomes necrotic, the axon terminal will retract. Thus, 

newly formed myotubes (as in development) expressing embryonic-type AChRs outside 

the endplate region, must be re-innervated by motor neurons and the post-synaptic 

specialisations re-established (for review see McComas, 1996). However, the ability of 

mammalian skeletal muscle to adapt to physiological injuries (e.g. exercise-induced), 

and respond to pathological damage (eg. Duchenne’s muscular dystrophy) is largely 

attributed to the presence of a population of self-renewing muscle precursors, termed 

skeletal muscle satellite cells. Normally quiescent, in response to both physiological and 

pathological muscle injuries, satellite cells are activated, proliferate and ultimately fuse 

to repair and replace damaged muscle fibres (for review see Bischoff, 1994; Seale and 

Rudnicki, 2000; Hawke and Garry, 2001),

The origin of satellite cells:

Satellite cells appear in the limbs of mammalian embryos late in embryonic 

development (at approximately embryonic day 17-18 in mice) (Cossu et al., 1985; 

Feldman and Stockdale, 1992; De Angelis et al., 1999). Previous studies suggested that 

these cells, in common with embryonic myoblasts, were derived from the somite. 

Support for this hypothesis was based primarily on the findings from quail-chick 

chimera experiments. These experiments revealed the presence of satellite cell nuclei 

derived from implanted quail somites associated with host chick muscle fibres (Armand 

et al., 1983).

Recent studies, demonstrating the myogenic potential of non-somitic cells, 

challenge these findings. De Angelis et al. (1999) reported that cells isolated from the 

embryonic aorta had a similar morphological appearance and similar profile of gene 

expression to that of satellite cells. Furthermore, transplantation of aorta-derived
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myogenic cells into newborn mice revealed that this population participated in postnatal 

growth, regeneration and fusion with resident satellite cells. Similarly, neuronal stem 

cells, skin cells and haemopoietic stem cells have all been shown to be capable of 

contributing to muscle formation, and could (at least theoretically) enter and reside in 

muscle (for review see Goldring et al., 2002).

Derivation of the satellite cell from the somite or a non-somitic origin need not 

be mutually exclusive. Conceivably many lineages may contribute under physiological 

or pathological states to the satellite cell population. Certainly, this understanding of 

satellite cell origin could account for the diversity in characteristics and behaviour of this 

cell type. It is becoming increasingly clear that the satellite cell population within 

muscle consists of a number of distinct subclasses, as identified by proliferative 

capacity, developmental potential and molecular markers (Beauchamp et al., 1999; 

Beauchamp et al., 2000). However, this view is not supported by recent studies on Pax7 

-/-mice, demonstrating a common origin for all satellite cells. While Pax7 null mice are 

capable of forming muscle, they lack satellite cells at birth and are unable to undertake 

postnatal muscle growth (Seale et al., 2000). Clearly, the question of the origin of 

satellite cells is yet to be resolved and is closely associated with an understanding of the 

genuine developmental potential of “tissue-specific” stem cells.
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Satellite cell activity in muscle regeneration:

On muscle damage, satellite cells undergo the following processes:

Activation

Proliferation

Migration to the site of injury 

Commitment to differentiation

Fusion to existing muscle fibres or fusion to form new myotubes 

Self-renewal

1.7. Diagram to show the processes involved in muscle fibre regneration.
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The balance between satellite cell proliferation, differentiation and quiescence is 

of primary importance in maintaining the ability of skeletal muscle to adapt to injury 

throughout the animal’s lifetime. In muscle diseases, such as Duchenne’s muscular 

dystrophy, it is thought that continuous rounds of degeneration and regeneration disturb 

this balance, resulting in an inability to renew the satellite cell pool and/ or a reduced 

proliferative capacity in the remaining satellite cells (Cossu and Mavilio, 2000; Heslop 

et al., 2 0 0 0 ).

MRFs in satellite cell activation and differentiation:

Although satellite cells are developmentally distinct from embryonic myoblasts, 

muscle fibre regeneration and development are regulated in a similar manner. In both 

cases MRFs play an essential role in directing cell proliferation and differentiation. 

Recent studies demonstrate that while mitotically quiescent satellite cells express low or 

possibly even no MRFs, on activation and proliferation MyoD and Myf5 expression is 

upregulated (Smith et al., 1994; Yablonka-Reuveni and Rivera, 1994; Comelison and 

Wold, 1997; Cooper et a l, 1999). Furthermore, in the absence of MyoD skeletal muscle 

has a strikingly reduced capacity for regeneration following injury (Megeney et al, 

1996), apparently due to an increased propensity for self-renewal rather than progression 

through the developmental program. In normal mice, MyoD expression is followed by 

cell proliferation and ultimately commitment to terminal differentiation. As in muscle 

development, this process requires the expression of the secondary MRFs, myogenin and 

MRF4, and withdrawal from the cell cycle (Smith et a l, 1994; Y ablonka-Reuveni and 

Rivera, 1994; Comelison and Wold, 1997).
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The growth factors modulating satellite cell activity:

Many growth factors have been proposed as regulators of satellite cell activation, 

proliferation, terminal differentiation and fusion into multinuclear myotubes (see Fig. 

1.11) (for review see Hawke and Garry, 2001). These factors are released from a variety 

of tissues. Muscle fibre injury may itself cause the release of factors. Growth factors can 

also be released from satellite cells to act in an autocrine fashion. In addition, there is 

evidence to suggest that adjacent cells or structures, including blood vessels and immune 

cells might release a variety of factors.

In the following paragraphs I will give a brief description of the growth factors 

involved in regulating satellite cell activity. This is not an exhaustive list and there is 

evidence for the involvement of many other factors, including nitric oxide, PDGF, 

endothelial-derived growth factor (EDGF) and testosterone, in satellite cell regulation 

(for review see Hawke and Garry, 2001). Growth factors are classified on the basis of 

their functions in satellite cell activation, proliferation and commitment to 

differentiation. Self-renewal of satellite cells is not discussed, since there is little 

evidence regarding the mechanism (mechanisms have only been proposed), or the role 

of growth factors.
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1.8. The growth factors modulating satellite cell activity.
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Satellite cell activation:

Satellite cells are activated in response to diverse stimuli, including injury, 

denervation, exercise and stretch (Darr and Schultz, 1987; Appell et al., 1988; Grounds 

and Y ablonka-Reuveni, 1993; Grounds, 1998). The actual physiological stimulus for 

activation in vivo has yet to be defined. However, there are a number o f candidates for 

such a role, notably HGF. Quiescent satellite cells express the receptor for HGF, c-met 

(Comelison and Wold, 1997) and on muscle injury HGF is expressed in a manner 

proportional to the degree of injury (Tatsumi et al., 1998; Sheehan et al., 2000). 

Moreover injection of recombinant HGF directly into muscle has been shown to activate 

resident satellite cells (Tatsumi et al., 1998).
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A role for leukocytes in satellite cell activation has also been proposed. This is 

based on the observation that quiescent satellite cells express vascular cell adhesion 

molecule-1 (VCAMl), a cell surface integrin molecule, whereas as infiltrating 

leukocytes express the specific co-receptor VLA-4 (integrin a4 p i) (Jesse et al., 1998; 

Rosen et al., 1992). Thus, a model has been suggested in which cell-cell interactions 

mediated by the ligation of VCAMl and VLA-4 cause satellite cell activation (Jesse et 

al., 1998).

Satellite cell proliferation:

There are many factors, which have been implicated in the control of satellite 

cell proliferation. With the exception of transforming growth factor P (TGF-p), 

application of all these growth factors increases satellite cell proliferation.

Hepatocvte growth factor (HGF) - In addition to activating satellite cells HGF 

can promote proliferation (Birchmeier and Gherardi, 1998; Sheehan and Allen, 

1999). HGF is released from damaged muscle fibres, and is expressed by newly 

formed myotubes and proliferating myoblasts (Anastasi et al., 1997; Gal-Levi et 

al., 1998). Since myoblasts also express the receptor for HGF (c-met) this 

signalling system might form an autocrine loop for expanding the satellite cell 

population (Anastasi et al., 1997).

Insulin-like growth factors (IGFsl -  Skeletal muscle secretes IGF-I and IGF-II 

(Hill et al., 1985; Florini et al., 1991). A number of studies, conducted both in 

vitro and in vivo, demonstrate that IGFs can increase satellite cell proliferation 

(Allen and Boxhom, 1989; Doumit et al., 1993; Rothenthal and Cheng, 1995; 

Engert et al., 1996; Florini et al., 1996). More recently it has been shown that 

intramuscular administration of IGF-I, using an osmotic mini-pump or by 

localised infusion, resulted in enhanced satellite cell proliferation and increased
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muscle mass in injured animals (Adams and McCue, 1998; Chakravarthy et al., 

2000).

Fibroblast growth factors (FGFs) -  FGF isoforms are released from damaged 

muscle fibres in a manner proportional to injury (Clarke et al., 1993). Injury also 

induces the expression of FGF receptors and this increase can be enhanced by the 

presence of HGF (Sheehan and Allen, 1999). Furthermore, Sheehan and Allen 

(1999) demonstrate that many isoforms of FGF stimulate satellite cell 

proliferation in culture, and that addition of both FGFs and HGF can result in a 

synergistic increase in satellite cell proliferation. However, the functional 

significance of the FGFs in skeletal muscle regeneration in vivo remains unclear. 

Whereas Floss et al. (1997) reported that mouse deficient for FGF-6  have 

impaired satellite cell proliferation and a subsequent defect in muscle 

regeneration, Fiore et al. (2000) found that targeted mutation of the FGF-6  locus 

had no effect on muscle regeneration.

Macrophage released factor -  A vital role for macrophages in muscle 

regeneration is supported by the observation that myogenesis is markedly 

impaired in the absence of macrophage infiltration (Lescaudron et al., 1999). As 

well as phagocytosing necrotic cell debris, macrophages also secrete a soluble 

growth factor (Cantini et al., 1994; Cantini and Carraro, 1995; Merly et al., 

1999). This factor (yet to be identified) exerts a mitogenic effect on satellite 

cells. Candidates for this factor include leukemia inhibitory factor (LIF). LIF 

can increase the proliferation of satellite cells in culture (Austin et al., 1991). It 

can be released from macrophages and is produced in muscle and resident non

muscle cells (Kurek et al., 1996).
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Transforming growth factor B (TGF-B) -This family of cytokines, including 

GDF8 and myostatin, inhibit myoblast proliferation (and differentiation) by 

reducing the transcription of MRFs (Allen and Boxhom, 1989; Martin and 

Olson, 1992). Targeted inactivation of GDF8 or myostatin has been shown to 

result in mice with substantial increases in muscle mass, due to increased 

hyperplasia and hypertrophy (McPherron et al., 1997).

Satellite cell migration:

HGF exerts a potent chemotactic effect on cultured myoblasts, suggesting a 

possible role for HGF in the migration of activated satellite cells to distal sites of injury 

(Bischoff, 1997). There are also some reports suggesting a role for FGF, TGF-P and LIF 

in this process (Robertson et al., 1993; Bischoff, 1997).

Satellite cell differentiation:

Satellite cell differentiation is both positively and negatively regulated by growth 

factors. Both IGF-I and IGF-II are secreted by skeletal muscle and have been shown to 

increase satellite cell differentiation in vitro (Hill et al., 1985; Allen and Boxhom, 1989; 

Florini et al., 1991; Rothenthal and Cheng, 1995; Engert et al., 1996; Florini et al.,

1996). The importance of these growth factors has also been demonstrated in vivo. IGF- 

1 administration (using an osmotic mini-pump or by localised infusion) resulted in 

increased muscle mass (Adams and McCue, 1998; Chakravarthy et al., 2000). However, 

this effect is likely to be due to the combined actions of IGFs on satellite cell 

proliferation and differentiation, not to mention the effects of IGFs on insulin 

metabolism. A number of other factors including HGF, FGFs and TGF-P inhibit satellite 

cell differentiation, often by the transcriptional inhibition of the MRFs (Martin and 

Olson, 1992; Katagiri et al., 1997; Gal-Levi et al., 1998; Sheehan and Allen, 1999).

48



PART 2: PURINERGIC SIGNALLING

A busy bee called ATP 

Whose wings were full of energy, 

Who worked and built inside his cell 

Emerged to see what he could tell 

To each and every other cell.

Nomi Bumstock

The potent actions of adenosine 5’-triphosphate (ATP) and other extracellular 

nucleotides in the cardiovascular system were first recognised more than 70 years ago 

(Drury and Szent-Gyorgyi, 1929). Despite many studies confirming the role of 

nucleotides in controlling heart rate, blood pressure and vasodilation, and evidence for 

the existence of multiple purine receptors (Gillespie, 1934), the focus of interest 

remained “intracellular.” The concept that ATP may have a role as an extracellular 

signalling molecule, distinct from the intracellular role of ATP in cell metabolism and as 

an energy source, took a long time to be accepted. The concept of purinergic signalling 

was not proposed until 1972: Bumstock postulated that ATP was a transmitter involved 

in non-adrenergic, non-cholinergic (NANC) nerve-mediated responses of the smooth 

muscle in the gastrointestinal tract and bladder (Bumstock, 1972). Since purinergic 

signalling was proposed over 30 years ago, the “purinergic receptor” has been 

transformed from a myth into a therapeutic target (for review see Abbracchio and 

Bumstock, 1998; Bumstock and Williams, 2000).

Extracellular nucleotides are now recognised as signalling molecules with 

important physiological and pathophysiological roles in many systems (for review see 

Ralevic and Bumstock, 1998; Abbracchio and Bumstock, 1998; Bumstock and 

Williams, 2000). Important advances in our understanding of purinergic signalling and 

the availability of new research tools, have opened the way for the study of tissues or 

processes that until recently had not been generally considered “the domain” of
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purinergic signalling. In particular, it has become clear that ATP and other extracellular 

nucleotides can be actively released by a variety of cell types under certain physiological 

conditions (Bumstock, 1999; Bodin and Bumstock, 2001a). These nucleotides are 

potential ligands for a growing family of receptors (Ralevic and Bumstock, 1998), the 

most recently cloned being P2 Yi3 (Communi et al., 2001; Zhang et al., 2002). 

Furthermore, receptor activation can produce a variety of effects in cells. Whereas 

activation of P2Xi receptors on the smooth muscle cells of the vas deferens causes a 

transient contraction (Mulryan et al., 2000), activation of the P2X? receptor on dendritic 

cells and macrophages results in caspase-dependent apoptosis (Coutinho-Silva et al., 

1999; Humphreys et al., 2000).

PURINOCEPTORS

Many receptors for extracellular nucleotides have now been cloned in 

mammalian species. Purinoceptors were originally classified on the basis of 

pharmacology and function. In 1978 Bumstock proposed the division of “purinergic 

receptors” into “Pl-purinoreceptors”, with adenosine as the main ligand, and “P2- 

purinoreceptors”, with ATP and adenosine 5’-diphosphate (ADP) as the main ligands. 

Despite the re-classification of receptors on the basis of molecular stmcture, in principal 

this classification has remained tme. The terms “Pl/P2-purinoreceptors” are now 

replaced by PI and P2 receptors, and receptors for pyrimidines, such as uridine 

triphosphate (UTP), are included in the P2 receptor family (for review see Ralevic and 

Bumstock, 1998). As with many other families of cell surface receptors, P2 nucleotide 

receptors were found to possess an intrinsic ion channel, or couple directly to G proteins 

to activate intracellular signalling cascades. Thus, P2 receptors were sub-divided into 

ionotropic P2 Xn and metabotropic P2 Yn receptors, replacing the older nomenclature of 

P2X, P2Y, P2T, P2Z and P2U subtypes (Bumstock and Kennedy, 1985; Abbracchio and 

Bumstock, 1994).
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PI RECEPTORS

Although this thesis focuses on the actions of the P2 receptors, since adenosine 

can be rapidly generated from ATP (by cleavage of phosphate groups) and interacts with 

its own receptors, an awareness of PI receptor function is also required. The adenosine/ 

PI receptor family consists of four receptors, Ai, A2A, A2B and A3, cloned and 

characterised from a variety of species. All of these receptors couple to G proteins to 

inhibit (Ai, A3) or stimulate (A2A, A2b) adenylate cyclase, thus reducing or increasing 

cAMP formation. Adenosine plays a major role as a vasodilator in the heart and a 

neuromodulator in the central and peripheral nervous system. For further information 

regarding the distribution, pharmacology and physiology of the PI receptors please see 

recent reviews (Ralevic and Bumstock, 1998; Fredholm, 2000).

P2X RECEPTORS

P2X receptors constitute the most recently cloned family of ligand-gated ion 

channels. These receptors, which are gated by ATP, are non-selective cation channels 

permeable to Na"̂ , and Câ "*". Since the initial cloning papers, published in the mid 

1990s, there has been considerable progress in our understanding of the distribution, 

function and physiological significance of P2X receptors. These areas of interest are 

reviewed in the following paragraphs.
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Assembly of P2X receptor subunits:

The building blocks for the P2X receptors are the P2X receptor subunits. Each 

subunit consists o f two transmembrane domains, separated by an extensive N- 

glycosylated extracellular loop, always containing 10  cysteines, and intracellular amino 

(N) and carboxy (C) termini.

1.9. Structure of P2X receptors.

A P2X receptor subunit B Multimeric P2X channel

E x t r a c e l l u l a r

I n t r a c e l lu l a r

COOH

A, P2X receptor subunits consist of two hydrophobic transmembrane domains, a large W-glycosylated 

(triangles) extracellular loop, and intracellular N- and C-termini. The extracellular loop includes two to six 

potential JV-1 inked glycosylation sites and ten conserved cysteine residues, which may form intramolecular 

disulfide bridges (-S-S-). B, At least three subunits are thought to form a functional P2X channel, allowing 

passage of cations.

To date seven distinct P2X receptor subunits (P2 X 1.7) have been cloned from 

mammalian species (for review see Ralevic and Bumstock, 1998; Khakh, 2001). 

Although, it is not known how many subunits are required for the formation o f a single 

functional P2X receptor, recent studies suggest that P2X receptors are trimers or 

hexamers (Nicke et al., 1998; Stoop et al., 1999). Immunoprécipitation studies suggest 

that with the exception o f the P2X6 receptor, all P2X receptor subunits can form 

homomultimers and that in the case of the P2 X7 receptor, only homomeric receptors are
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possible (Torres et al., 1999). Heteromultimeric combinations bave also been 

demonstrated. Five types of heteromultimeric assemblies (P2Xi/5, P2Xi/2, P2X2/3, P2X4/6 

and P2 X2/6) have been shown to be functional (North and Suprenant, 2000; King et al., 

2000; Brown et al., 2002). Additional P2X subunit combinations have been determined 

by immunoprécipitation techniques, but have not been shown to exist as functional 

receptors (Torres et al., 1999). The existence of splice variants of many of these receptor 

subunits, and the possibility that more than two subunits can contribute to a receptor, 

further increases the number of different P2X receptors that could be formed.

Receptor function and regulation:

The properties of the P2X receptors are dependent on a range of factors. Since 

P2X receptor subunits differ with respect to a number of properties, subunit composition 

is of key importance. The kinetics of receptor activation and inactivation are variable 

amongst the P2X receptor subtypes. Whereas the P2Xi and P2Xs receptors are rapidly 

activated and desensitised by ATP, the | P2X2 receptor is rapidly activated, but causes 

sustained depolarising currents (for review see Ralevic and Bumstock, 1998; Jacobson 

et al., 2000; North, 2002).

P2X receptor subunits also differ with respect to the effect of extracellular ions, 

on receptor function. The extracellular concentrations of Ca^^, Mĝ "̂ , Zn̂ "̂ , Cû "̂  and 

ions have all been found to affect ATP-dependent responses at P2X receptors (for 

review see North and Surprenant, 2000; North, 2002). P2 X2 receptors are the only P2X 

receptor subtypes, at which responses to ATP are increased by acidification of the 

extracellular solution (King et al., 1997). ATP-induced currents at these receptors can 

also be potentiated by Zn̂ "̂  and Cû "̂  ions at low micromolar concentrations (Xiong et 

al., 1999).

In the case of some P2X receptors, changes in the permeability of the channel 

can occur after prolonged agonist application (several seconds). This feature is most
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obvious for the P2X? receptor, which is reported to undergo a channel-to-pore 

conversion (rendering the cell permeable to large molecules) on prolonged agonist 

application (Surprenant et al., 1996). Recent studies suggest that, under certain 

conditions, recombinant P2 X2, P2 X4, and P2 X2/3 receptors may also form pores (Khakh 

et al., 1999; Virginio et al., 1999).

The phosphorylation state of P2X receptor subunits can regulate receptor 

function. Mutagenic studies on the P2X% receptor subunit demonstrate that the P2X2 

receptor is phosphorylated and that preventing phosphorylation causes conversion to a 

rapidly desensitising phenotype (Boué-Grabot et al., 2000). In contrast, Kim et al. (2001) 

demonstrate that as a consequence of activation, the P2X? receptor is dephosphorylated 

and that this markedly reduced subsequent ionic currents.

Agonist stimulation may also result in changes in the surface localisation of P2X 

receptors. In common with a number of other ligand-gated ion channels (AMPA and 

GABAa), P2Xi receptors (tagged with green fluorescent protein) have been shown to be 

rapidly internalised following agonist stimulation (Li et al., 2000). However, similar 

experiments conducted on P2X2 receptors expressed on embryonic hippocampal neurons 

demonstrated that receptor activation results in the redistribution of the P2X2 receptors 

into “hotspots” (Khakh et al., 2001).

P2X receptor function may also be regulated by interactions with other receptor 

types. In a recent study, Khakh et al. (2000) demonstrate that P2 X2 and AChRs can 

interact directly. Gating transitions in the P2 X2 receptor are communicated to nicotinic 

channels and close substantial proportions of them. Since ATP is co-released with ACh 

from many nerves, this interaction may be of great functional importance.
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Receptor distributions:

It is becoming increasingly clear that purinoceptors, including the P2X receptor 

family, are widely expressed in the body. In situ hybridisation, immunohistochemical 

and functional studies have been used to characterise the expression of P2X receptor 

subunits in a variety of tissues. These studies have demonstrated that P2X receptors are 

expressed not only on excitable cells such as neurons or smooth muscle cells, but also 

non-excitable cells such as epithelial cells of the skin, bone or hemopoietic cells 

(Groschel-Stewart et al., 1999a; Hoebertz et al., 2000; Di Virgilio et al., 2001).

Expression of more than one distinct P2X receptor subtype on a given cell type is 

common. For example, the smooth muscle of the bladder has been reported to express 

P2Xi, P2X2, P2Xs and P2Xô receptor proteins (Lee et al., 2000). In some cases, although 

several P2X receptors subunits are expressed in a cell, the overall properties as 

determined by patch clamping, appear to correspond to a single phenotype. This might 

suggest that particular subunits dominate in the receptor function.

Furthermore, it is becoming increasingly clear that a single P2X receptor subunit 

is expressed on a variety of cell types, each with distinctly different activities and 

functions. Until recently it was thought that the P2 X3 receptor subunit was only 

expressed in nocioceptive sensory neurons, having been detected in a subset of neurons 

in the trigeminal, nodose and dorsal root ganglia. However, a recent study demonstrates 

that P2 X3 receptors are also expressed in endothelial cells and epithelial cells (Glass et 

al., 2 0 0 0 ).

Despite the complexity of P2X receptor expression, the study of receptor 

distribution has been useful in directing experiments to establish receptor function, 

notably in the case of P2X3 and pain sensation, and P2Xi and smooth muscle 

contraction. Furthermore, if the therapeutic potential of P2X receptors is to be realised, 

potential sites of drug activity must be identified.
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Signal transduction mechanisms:

P2X receptors are non-selective cation channels. Thus, under physiological 

conditions, P2X receptor activation will result in Na"̂  and Ca^^ influx and efflux, 

leading to the depolarisation of the plasma membrane and an increase in intracellular 

Ca^^ and Na"̂  concentration. Membrane depolarisation can in turn activate voltage-gated 

channels, causing firing of action potentials. This is perhaps the most well recognised 

consequence of P2X receptor activation.

However, recent research on various ligand-gated ion channels, including P2X? 

and P2 X2, demonstrate that ionotropic receptors can also interact with cytoskeletal and 

signalling proteins, and can activate intracellular signalling pathways (Sheng and Pak, 

2000; Kim et al., 2001). A number of proteins, including phosphatidylinositol 4-kinase, 

have been shown to interact with the P2X? receptor (Kim et al., 2001), and it is known 

that this receptor can activate the p38, ERK 1/ 2 and INK MAPK signalling cascades 

(Humphreys et al., 2000; Panenka et al., 2001). Similarly, Swanson et al. (1998) 

demonstrated that P2 X2 receptor-mediated Câ "̂  entry can activate the ERK 1/ 2 MAPK 

signalling cascade in PC12 cells.

Pharmacology:

Much progress has been made in recent years in characterising the pharmacology 

of the P2X receptors (for review see Ralevic and Bumstock, 1998; Jacobson et al., 2000; 

North and Suprenant, 2000; North, 2002). Nonetheless, the lack of subtype-specific 

pharmacological tools remains an obstacle.

The most important naturally occurring agonist at all P2X receptors is ATP. 

However, receptor subtypes vary in their affinity for ATP: P2Xi and P2 X3 receptors 

have the highest affinity for ATP ( E C 5 0  =1 pM), whereas P2 X2, P2 X4, P2Xg and P2Xô 

receptors have a lower affinity ( E C 5 0  =10 pM), and P2X? shows the lowest affinity 

( E C 5 0  =300-400 pM). Although, many synthetic ATP analogues also show strong
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agonist activity at P2X receptors, none of the available agents are wholly selective for 

particular P2X receptor subtypes. Nonetheless, some ATP analogues can be used to 

pharmacologically discriminate between P2X receptors. Whereas P2Xi and P2X] 

receptors are sensitive to low concentrations of a,P-methylene ATP (a-P-meATP; 0.5-5 

|iM), P2 X2 and P2 X4.7 receptors are only activated by high concentrations (>100 p-M). 

Similarly, though 3’-0-(4-benzoyl)benzoyl ATP (BzATP) is active at all P2X receptors, 

only at P2X? receptors is BzATP more potent than ATP.

There are also a number of important P2X receptor antagonists available. 

Pyridoxalphospate-6-azophenyl-2’,4’-disulfonic acid (PPADS) is a non-competitive 

inhibitor of most P2X receptors and depending on the experimental conditions, may act 

irreversibly. Recently the compound 2’,3’-0-(2,4,6-trinitrophenyl)-ATP (TNP-ATP) has 

been found to be effective at blocking homomeric P2Xi and P2X] receptors, and 

heteromeric P2 X2/3 receptors ( I C 5 0  ~ 1 nM; Virginio et al., 1998). Diinosine 

pentaphosphate (IpsI) is found to be selective at recombinant P2Xi receptors, being over 

800 times less potent against recombinant P2X3 receptors (King et al., 1999) and 

ineffective against the P2X2/3 heteromultimer (Dunn et al., 2000). Recent studies 

demonstrate that Coomassie Brilliant Blue G is a selective antagonist at rat P2X? 

receptors at nanomoloar concentrations (Jiang et al., 2000).

Although these tools are useful for studying recombinant receptors, their use in 

whole tissues has proved to be more limited due to their susceptibility to enzymatic 

breakdown. However, by testing a range of P2X receptor agonists and antagonists, the 

type(s) of receptors expressed in cells and tissues can often be predicted.
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Physiological actions:

There has been enormous progress in our understanding of the physiological 

functions of P2X receptors. However, my intention in this section is to describe some of 

the best-substantiated functions for P2X receptors and identify key findings, which have 

changed the general perception of the role of P2X receptor signalling.

The P2X receptors are “fast” transmitter-gated cation channels. Consequently, 

they have largely been viewed as mediators of fast, short-term ATP signalling events at 

nerves or muscle. ATP is released as a co-transmitter from many nerves of both the 

peripheral and central nervous systems, and an essential role for the P2Xi receptor in the 

contraction of the smooth muscle of the vas deferens has recently been demonstrated. 

Using mice with a targeted deletion of the P2X% receptor gene, Mulryan et al. (2000) 

showed that in the absence of this receptor the vas deferens could not adequately 

contract in response to sympathetic nerve stimulation. Since contraction of the vas 

deferens is required for the propulsion of sperm, this resulted in reduced fertility in male 

mice.

Targeted gene knockouts have also been used to demonstrate the functional 

importance of the P2X3 receptor in peripheral pain responses and bladder function. In 

keeping with the expression of the P2Xg receptor on small diameter sensory neurons, 

P2X3-null mice have reduced pain-related behaviour in response to ATP and other 

noxious stimuli (Cockayne et al., 2000; Souslova et al., 2000). In addition P2 X3 

knockout mice exhibit marked urinary bladder hyporeflexia and voiding abnormalities 

(Cockayne et al., 2000).

Contrary to the general perception of P2X receptors as mediators of fast 

signalling events on excitable tissues, recent studies on the function of the P2X? receptor 

demonstrate a possible role for this receptor family in mediating long-term effects on 

cell activity. There is growing evidence that activation of the P2X? receptor can cause 

changes in cell morphology, interleukin-1(3 release (Solle et al., 2001) and caspase-

58 ,



dependent apoptosis (Humphreys et al., 2000). These effects are not generally associated 

with activation of ionotropic receptors, and the degree to which these types of long-term 

functions might be common to the P2X receptor family is unclear.

Although the trophic effects of the P2X? receptor have been considered to be a 

peculiarity of this particular P2X receptor subtype, there is some evidence to suggest 

otherwise. The widespread expression of many P2X receptors in non-excitable and 

developing tissues implies that these receptors might also mediate a variety of effects, 

including effects on cell proliferation, differentiation and apoptosis. P2X receptors have 

been detected in embryonic development and on proliferating and differentiating 

epithelial cells (Groschel-Stewart et al., 1999; Meyer et al., 1999b; Ruppelt et al., 2001; 

Cheung and Bumstock, 2002).
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P2Y RECEPTORS

P2Y receptors are members o f the superfamily of G protein-coupled receptors, 

each having seven transmembrane domains. To date seven receptors have been cloned 

and unambiguously assigned to mammalian P2Y receptors; P2Yi, P2 Y2, P2 Y4, P2Y6, 

P2Yii, P2 Yi2 and P2 Yi3. These receptors are highly diverse in both their amino acid 

sequences and their profiles for endogenous agonists (for recent reviews see Ralevic and 

Bumstock, 1998; Communi et al., 2000b; von Kiigelgen and Wetter, 2000; Sak and 

Webb, 2002).

P2Y receptors contain seven transmembrane domains, with an extracellular N- 

terminus and an intracellular C-terminus.

1.10. Structure of PY receptors.
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Pharmacology:

As in the case of the P2X receptors, there are few selective pharmacological 

tools for the identification of P2Y receptors.

P2Yi and P2Yn receptors are selectively activated by adenine nucleotides, 

whereas all other P2Y receptors can respond to uridine nucleotides with the same or an 

even greater degree of potency than corresponding adenine nucleotides. P2Y receptors 

also vary in their preference for nucleoside diphosphates, as opposed to nucleoside 

triphosphates. At P2Y% receptors, ADP is the most potent naturally occurring agonist 

and it is unclear whether ATP is a full or partial agonist, or is inactive. The P2Yi 

receptor can be selectively activated using the synthetic agonist 2-methylthioADP (2- 

MeSADP).

Activation of all P2Y receptors subtypes can be inhibited by suramin and few 

selective P2Y receptor antagonists are known. MRS 2179 (N6-methyl-2’- 

deoxyadenosine 3’,5’-bisphosphate) and MRS 2216 were found to be selective P2Yi 

receptor antagonists. However, in the case of MRS 2179, application of this compound 

was also found to antagonise, though less potently, the rat P2Xi and P2Xs receptors 

(when expressed in Xenopus oocytes). For further details regarding the pharmacology of 

the P2Y receptors please see recent reviews (Jacobson et al., 2000; von Kiigelgen and 

Wetter, 2000; Sak and Webb, 2002).
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Receptor distributions:

As in the case of the P2X receptors, P2Y receptors are expressed on a wide 

variety of cell types, including vascular smooth muscle cells, airway epithelial cells and 

neurons (for review see King and Bumstock, 2002). The investigation of P2Y receptor 

expression has largely been based on in situ hybridisation. Northern blotting and 

pharmacology. However, the development of specific P2Y receptor antibodies (in 

particular against the P2Y% receptor) by a number of investigators and more recently, 

their commercial availability, has meant that the expression of P2Y receptor protein can 

now also be investigated.

The expression of multiple P2Y receptors on a tissue is common. P2Yi, P2Y], 

P2 Y4, P2Yô and P2Yn receptor mRNAs have all been detected in placenta. Similarly, a 

number of P2Y receptors have been detected in brain tissue including the P2Yi, P2 Y4, 

and P2 Yi2 receptor subtypes (Moore et al., 2000; Moran-Jimenez and Matute, 2000; 

Hollopeter et al., 2001). In fact many of the P2Y receptor subtypes are widely 

distributed on a range of different cell types. For example P2 Y2 receptor expression has 

been detected in mammalian heart and vasculature, lung, kidney, osteoblasts, placenta, 

skeletal muscle and endocrine tissues. On a functional level, P2 Y2-like receptors are also 

found in a variety of cell types, including astrocytes, chromaffin cells, epithelia, 

endothelia, fibroblasts, glia, hepatocytes and kératinocytes. For a full review of P2Y 

receptor expression see King and Bumstock (2002).
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Signal transduction mechanisms:

Multiple signal transduction pathways have been implicated in P2Y receptor 

function (for review see Communi et ah, 2000b; von Kiigelgen and Wetter, 2000). P2Y 

receptors can couple to phospholipase C (PLC) activation, adenylate cyclase (AC) 

inhibition, AC stimulation and direct modulation of ion channel function. Of the human 

recombinant receptors most cause phosopholipid turnover. The P2Yn receptor activates 

both PLC and AC, while the P2 Yi2 receptor is coupled to the inhibition of AC.

Activation of PLC results in the formation of inositol 1,4,5-triphosphate (IP3) and 

mobilisation of Ca^^ from intracellular stores. Intracellular Câ "̂  can directly control cell 

function. In addition, secondary to the activation of PLC, multiple signal transduction 

pathways, have been shown to be involved in mediating the effects of P2Y receptors. 

These signalling pathways include PKC, phospholipase A2, Ca^'^-sensitive ion channels 

and the MAPKs.

Physiological actions:

The widespread expression of the P2Y receptors suggests a role for these 

receptors in the function of a variety of cell types and systems.

P2Y receptors play a significant role in the cardiovascular system. Activation of 

P2Y receptors on endothelial cells, results in the release of nitric oxide to cause vessel 

dilitation (for review see Bumstock and Ralevic, 1994). Platelets have also been shown 

to express P2Y receptors and recent clinical trials have provided clear evidence that the 

antithrombotic dmgs clopidogrel and ticlopidine (P2 Yi2 antagonists) reduce the risks of 

recurrent strokes and heart attacks (CAPRIE steering committee, 1996; Yusuf et al., 

2001).

P2Y receptors have been implicated in the control of synaptic transmission in the 

central nervous system. Activation of P2Yi receptors pre-synaptically is thought to
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result in the inhibition or facilitation of transmitter-release from neurons (Zhang et al., 

1995; Bennett and Boarder, 2000; Mendoza-Femandez et al., 2000).

A role for P2Y receptors in the regulation of Cl" conductance and mucin 

secretion by airway epithelial cells has also been demonstrated. Using P2 Y2-/- mice the 

role of this receptor in regulating Cl conductance has been confirmed and the 

involvement of other P2 receptors in this process has been shown (Cressman et al., 

1999; Homolya et al., 1999). As a result, the use of aerosolised nucleotides for the 

treatment of chronic bronchitis and cystic fibrosis is currently under investigation.

P2Y receptors can also mediate the long-term, trophic effects of ATP on cell 

activity, including cell proliferation and differentiation. There is strong evidence to 

suggest that activation of P2Yi, and P2 Y2 and/ or P2 Y4 receptors expressed on 

astrocytes, and coupled to the ERK pathway, results in proliferation of astrocytes (Neary 

et al., 1998; 1999; 2000). In contrast the P2Yu receptor has been strongly implicated in 

the differentiation of HL60 cells (human promyelocytic leukemia cells). ATP 

application, via the P2Yn receptor, increased the cAMP level in HL60 cells and resulted 

in their differentiation into neutrophil-like cells (Jiang et al., 1997; Conigrave, 1998; 

Communi et al., 2000a).

P2Y receptors have been implicated in many other cellular processes. For recent 

reviews see Abbracchio and Bumstock (1998), Bumstock and Williams (2000), 

Communi et al. (2000b), and King and Bumstock (2002).
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SOURCES OF EXTRACELLULAR NUCLEOTIDES

Nucleotides are passively released from damaged and dying cells. However, 

ATP and other extracellular nucleotides can also be actively secreted from cells in a 

number of ways. Although, most research has been focused on the release of ATP, ADP 

and UTP release have also been reported.

Exocytosis is responsible for the release of ATP from a number of cell types, 

including nerves and vascular endothelial cells (Bodin and Bumstock, 2001a; 2001b; 

Silinsky et al., 2001). In nerve terminals (including those of the NMJ), ATP and other 

transmitters are often co-stored in synaptic vesicles. On depolarisation of the nerve these 

transmitters are released in a Ca^^-dependent manner by membrane/ vesicle fusion.

The ATP-binding cassette (ABC) proteins have also been implicated in the 

release of ATP. The most common ABC proteins are the cystic fibrosis transmembrane 

conductance regulator (CFTR), the sulfonylurea receptor and P-glycoprotein, Recent 

studies, using specific blockers of ABC protein channels, have suggested that CFTR 

may mediate cell membrane permeability to ATP (for review see Bodin and Bumstock, 

2001b). However, it is unclear as to whether CFTR itself conducts ATP, or if specific 

ATP permeation pathways are regulated by CFTR. Since the size of the ATP anion is 

larger than the estimated size of CFTR pore (the smallest silhouette dimension is 1.05 

nm), the latter seems more likely. This conclusion is supported by Sugita et al. (1998), 

who presented evidence for the existence of a separate ATP channel.

The existence of mechanosensitive ATP channels has also been proposed. This 

hypothesis was based on the observation that the gadolinium ion (Gd^^), an inhibitor of 

stretch-activated cation channels, can inhibit swelling-induced ATP efflux (Braunstein et 

al., 2001). ATP release can be induced by mechanical stimuli, such as hypotonic 

swelling or mechanical strain in a variety of cell types, including epithelial and prostate 

cancer cells (Wang et al., 1996; Grygorczyk and Hanrahan, 1997; Sauer et al., 2000). 

However, the mechanism of mechanosensitive ATP release is still unclear.
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Finally, there is evidence to suggest that the ectonucleotidases, generally 

associated with ATP degradation, might also function to generate ATP. A paper by 

Yegutkin et al. (2001) reports that the combined treatment of endothelial cells with ATP 

and either adenosine monophosphate (AMP) or ADP caused the phosphorylation of 

nucleotides by the backward reactions AMP ADP —> ATP. Thus, these findings 

provide evidence that depending on the local nucleotide concentrations, the metabolism 

of adenine nucleotides on the cell surface includes both their hydrolysis and resynthesis.

FATE OF EXTRACELLULAR NUCLEOTIDES

The action of nucleotides at their receptors is terminated by a surface-located 

enzyme cascade that sequentially degrades nucleoside 5’-triphosphates to their 

respective nucelosides and free phosphate or pyrophosphate. A general feature of the 

hydrolysis cascade is that nucleoside diphosphates, monophosphates and nucleotides all 

appear in the extracellular fluid. These breakdown products may also be active at 

purinoceptors. In the case of ATP degradation, extracellularly formed adenosine can act 

on its own PI receptors.

The currently known ectonucleotidases include members of the ecto-nucleoside 

triphosphate diphosphohydrolase family (E-NTPDase family), ecto-nucleotide 

pyrophosphatase/ phosphodiesterase family (E-NPP family), alkaline phosphatases and 

ecto-5’-nucleotidase, which all have a broad tissue distribution. Many nucleotidases are 

membrane bound, but cleaved and soluble extracellular isoforms exist and may then be 

referred to as exonucleotidases.

Although, the multiplicity of ectonucleotidases has made it difficult to establish 

the functional implications of the ectonucleotidase pathways, these enzymes have been 

shown to play a role in platelet aggregation, inflammation, ischaemia and calcification 

(for review see Zimmerman, 2000). For example, the importance of NTPDasel in the

66



control of purinergic signalling in both hemostasis and thromboregulation, has been 

demonstrated using NTPDasel-deficient mice (cd39-/-) (Enjyoji et al., 1999; 

Zimmermann, 1999).
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PART 3: PURINERGIC SIGNALLING IN SKELETAL 

MUSCLE

The study of purinergic signalling in skeletal muscle has largely focused on the 

NMJ. However, in recent years there has been enormous progress in our understanding 

of purinergic signalling (see above) and this has opened up the possibility that ATP and 

other nucleotides may have multiple roles in skeletal muscle formation and function. In 

this section I will briefly review the present understanding of the sources of ATP in 

skeletal muscle, the identities and location of the receptors expressed and the known 

functions of these receptors.

SOURCES OF EXTRACELLULAR NUCLEOTIDES

Research on the role of purinergic signalling in skeletal muscle has, to a large 

extent, been driven by the discovery that ATP is released at the NMJ. Significant 

quantities of ATP are co-released with ACh from motor nerve terminals (Redman and 

Silinsky, 1994; Silinsky and Redman, 1996) on nerve activation. Since ectonucleotidases 

are strongly expressed in skeletal muscle, ADP and adenosine (products of ATP 

hydolysis) are also present at the NMJ.

However, ATP might also be released by muscle fibres as part of normal muscle 

activity (Smith, 1991; Cunha and Sebastiao, 1993; Hellsten et al., 1998). Using dialysis 

probes inserted into the muscle in a direction parallel to muscle fibre orientation, 

Hellsten et al. (1998) demonstrated the presence of ATP, ADP, AMP and adenosine in 

the interstitial space in human skeletal muscle. The levels of all nucleotides increased on 

exercise, at a rate associated with the intensity of muscle contraction: the concentration 

of ATP rose from 0.13 ± 0.03 pM at rest, to 2.00 ±1.32 pM (P < 0.05) on exercise (10 

W).
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In addition, a number of studies have provided indirect evidence for the release 

of ATP from muscle fibres on contraction. Experiments conducted on skeletal muscle 

cells, both in vivo and in vitro, demonstrate that significant concentrations of adenosine 

accumulate in the extracellular space on muscle fibre/ myotube contraction. Since 

inhibition of ectonucleotidases can greatly reduce this accumulation, it is thought that 

the majority of adenosine is formed in the extracellular space by the degradation of 

extracellular ATP (Cheng et al., 2000; Lynge et al., 2001).

Finally, in skeletal muscle as in all tissues, cell damage will result in the passive 

release of ATP and other nucleotides from cells. However, it is important to recognise 

that in skeletal muscle, muscle fibre damage can occur in normal muscle and does not 

necessarily signify pathology.

PURINOCEPTOR EXPRESSION

The presence of receptors for extracellular ATP on skeletal muscle cells was first 

demonstrated in 1983, when patch clamp recording revealed a transmitter-like action of 

ATP on the cell membranes of myoblasts and myotubes cultured from 12-day-old chick 

embryos (Kolb and Wakelam, 1983). Subsequent experiments were primarily focused 

on myotubes. Patch clamp experiments conducted on both chick and mouse C2C12 

myotubes demonstrated that the depolarising action of ATP was mediated by P2 

receptor/s (including a P2Y receptor) (Hume and Honig, 1986; Hume and Thomas, 

1988; Thomas and Hume, 1990a; 1990b; Thomas et al., 1991). Expression of P2 

receptors on myotubes in vitro was also demonstrated by measuring changes in the 

levels of intracellular signalling molecules (cAMP, IP3 and Câ "̂ ) in response to 

nucleotide application (Henning et al., 1992; 1993a; 1993b). These experiments 

provided evidence for the expression of both PI and P2 receptors.

The detection of PI and P2 receptor mRNA and protein in skeletal muscle has 

confirmed these results. Of the P2 receptors, P2Yi, P2 Y2, P2Xs and P2Xô receptor
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mRNA and/ or protein has been demonstrated in skeletal muscle (Parr et al., 1994; Nawa 

et al., 1998; Meyer et al., 1999a; 1999b; Choi et al., 2001, Jensik et al., 2001; Ruppelt et 

al., 2001). In many cases, receptor expression was detected by Northern blot analysis of 

whole tissue homogenates from adult animals. Thus, these studies provided no 

information on the location or dynamics of receptor expression in skeletal muscle. Using 

in situ hybridisation or immunohistochemistry, more recent studies on chick and frog 

embryonic development, demonstrate the expression of P2 X5, P2Xô and P2Yi receptor 

protein and mRNA on presumptive muscle tissue, in addition to skeletal muscle cells. 

Furthermore, Choi et al., (2001), suggest that P2Yi receptor expression is strongly 

related to myotube innervation and demonstrate that receptors are localised to NMJs.

FUNCTIONS OF PURINERGIC SIGNALLING

Studies on the physiological significance of P2 receptors in skeletal muscle have 

been focused on neuromuscular transmission. Purinoceptors expressed on skeletal 

muscle cells have been implicated directly in muscle contraction, and as regulators of 

AChR activity and expression.

A number of studies report that ATP application can cause myotube contraction 

in vitro and in vivo (Wells et al., 1995; Hume and Thomas; 1988; Hume and Honig, 

1986). Wells et al. (1995) show that the ability to contract to ATP is a feature of 

embryonic muscle and is lost in adult tissue. Furthermore, denervation of skeletal 

muscle postnatally in chicks resulted in the return of sensitivity to ATP. Other studies 

have investigated the possibility that ATP modulates neuromuscular transmission by 

regulating AChR function. ATP has been shown to potentiate the responses of post

junctional nicotinic AChRs to ACh (Saji et al., 1975; Ewald, 1976; Akasu et al., 1981; 

Lu and Smith, 1991). More recently Choi et al. (2001) demonstrated that activation of 

P2Yi receptors on chick myotubes in vitro resulted in increased expression of AChR and 

AChE mRNA and protein. This study also demonstrated the expression of these
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receptors at the neuromuscular junctions of adult skeletal muscle, and showed that as in 

the case of AChRs, denervation of muscle results in P2Yi receptor up-regulation.

However, recent studies on P2XM (the human homologue of the rodent P2Xg 

receptor) suggest that purinergic signalling may have other roles in skeletal muscle. This 

receptor, abundantly expressed in human skeletal muscle, was found to be inducible by 

the cell cycle regulator p53 and was aberrantly expressed in soft tissue tumours (Urano 

et al., 1997; Nawa et al., 1999).

SUMMARY

Despite, the obvious progress that has been made in our understanding of the role 

of purinergic signalling in neuromuscular transmission, this is unlikely to be the only 

function of purinergic signalling in skeletal muscle. The physiological release of ATP 

outside the NMJ and evidence for the expression of purinoceptors on presumptive 

muscle tissue seems to suggest additional role/s for purinergic signalling in muscle 

formation and function.
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CHAPTER 2

SEQUENTIAL EXPRESSION OF THREE 

RECEPTOR SUBTYPES FOR EXTRACELLULAR 

ATP IN DEVELOPING RAT SKELETAL MUSCLE

INTRODUCTION

In recent years the biological effects of extracellular purine nucleotides acting 

through P2 receptors have been studied in many cell and tissue types and ATP is now 

recognised as an important messenger molecule in cell-cell communication (Bumstock 

1997). Thus far attention has been largely focused on the role of purinergic signalling in 

mediating changes in short-term cellular activity. However, there is growing evidence 

that purinergic signalling may also play a role in long-term cellular communication, 

including cell proliferation, differentiation and apoptosis (Neary et al., 1996; Abbracchio 

and Bumstock, 1998). These processes are central to embryonic development and the 

specific functions of purinoceptor subtypes during skeletal muscle development were the 

focus of this study.

P2 receptors are classified into two main families, P2X and P2Y, based on 

molecular stmcture, transduction mechanisms and pharmacological properties (Ralevic 

and Bumstock, 1998). Although the potential trophic actions of the P2X receptors have 

yet to be fully investigated, there are a number of recent studies suggesting that these 

ligand-gated ion channels may be involved in long-term signalling events. The P2Xs 

receptor subunit has been shown to be expressed in the proliferating and differentiating 

cell layers of stratified squamous epithelial tissues (Groschel-Stewart et al., 1999)
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suggesting that ATP signalling via the P2 X5 receptor may play a role in these processes. 

Conversely, the P2X? receptor subunit has been strongly linked to apoptosis (Surprenant 

et al., 1996; Collo et al., 1997; Groschel-Stewart et al., 1999). There is increasing 

evidence to suggest that P2X? activation can induce apoptosis in a number of cell types 

and that this process is dependent on the caspase signalling cascade (Coutinho-Silva et 

al., 1999; Ferrari et al., 1999).

Responses to ATP have been demonstrated in embryonic tissues, notably 

developing skeletal muscle. Using the patch clamp recording technique, a transmitter

like action of ATP on the cell membranes of myoblasts and myotubes cultured from 12 

day-old chick embryos was first demonstrated by Kolb and Wakelam (1983). Hume and 

Thomas confirmed these results (Hume and Thomas, 1988; Thomas and Hume, 1990a; 

1990b; 1993; Thomas et al., 1991) and showed that ATP elicits a potent, P2-dependent 

depolarising action on cultured chick myotubes. Similar responses, characteristic of P2 

receptors, have been demonstrated in the mouse myoblast cell line, C2C12 (Henning et 

al., 1993a; 1993b; Henning, 1997). In chick muscle, ATP-responses were also shown to 

be developmentally regulated (Wells et al., 1995). ATP-elicited contractions were most 

apparent in early development (embryonic day 6 ) and were absent by embryonic day 17. 

More recently, immunohistochemistry and in situ hybridisation have been used to 

describe the developmentally regulated expression of two members of the P2X receptor 

family, P2Xs and P2Xô, in the skeletal muscle of the chick embryo (Meyer et al., 1999b; 

Ruppelt et al., 2001).

However, the role of ATP and the identity of the P2X receptor subtypes involved 

in the development of mammalian skeletal muscle are still largely undefined. In this 

study immunohistochemistry was used to investigate the expression of P2X receptors 

and their relationship to AChR expression in developing rat skeletal muscle. Using a 

novel set of polyclonal antibodies raised against the P2 X1.7 receptors (supplied by Roche 

Bioscience, Palo Alto, CA, USA) the timing and location of receptor expression was 

demonstrated.
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MATERIALS AND METHODS

Mating of rats and embryo preparation

For dated pregnancies, female Sprague-Dawley rats in oestrus were placed 

overnight with primed male rats and examined in the morning for the presence of a 

vaginal plug. The day of finding the plug was designated embryonic day 0 (EO) and the 

day of birth, postnatal day 0 (PO). Pregnant rats, killed by a rising concentration of CO2 

and confirmed by cervical dislocation, were used to obtain embryos at E12, E14, E15, 

E16, E l8 and E20. Once removed, some embryos were placed decapitated and intact 

onto a cork block, covered with OCT compound and frozen in liquid nitrogen-cooled 

isopentane. Limb buds were dissected from the remaining embryos, mounted on cork 

blocks and frozen separately in liquid nitrogen-cooled isopentane. Skeletal muscle 

samples were also taken from rat pups killed at P7, P14 and P21. Segments of rib cage 

and lower limb were removed and prepared as previously described. Cryostat sections 

were cut at 12 pim and collected on gelatinised slides.

Longitudinal sections of tibialis anterior (TA) muscle were prepared from 

animals at P7, P14, P21 and adult. Muscles were stretched and pinned on sylgard, fixed 

in 4% paraformaldehyde for 2 hours at room temperature and transferred to 20% sucrose 

in phosphate buffered saline (PBS) and left overnight. Tissue was placed longitudinally 

on cork blocks and embedded in OCT. Cryostat sections were cut at 50 pm and collected 

in PBS.
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Immunohistochemistry

The immunogens used for the production of polyclonal antibodies were synthetic 

peptides corresponding to the carboxy termini of the cloned rat P2X receptors, 

covalently linked to keyhole limpet haemocyanin. The peptide sequences are as follows:

P2Xii amino acids 385-399, ATSSTLGLQENMRTS 

P2X2: amino acids 458-472, QQDSTSTDPKGLAQL 

P2Xs: amino acids 383-397, VEKQSTDSGAYSIGH 

P2X4: amino acids 374-388, YVEDYEQGLSGEMNQ 

P2Xs: amino acids 437-451, RENAIVNVKQSQILH 

P2X6: amino acids 357-371, EAGFYWRTKYEEARA 

P2X?: amino acids 555-569, TWRFVSQDMADFAIL

The polyclonal antibodies were raised by multiple monthly injections of New 

Zealand rabbits with the peptides (performed by Research Genetics, Hunteville, USA). 

The specificity of the antisera was verified by immunoblotting with membrane 

preparations from CHO-Kl cells expressing the cloned P2Xi_? receptors. The antibodies 

recognised only one protein of the expected size in the heterologous expression systems 

and were shown to be receptor-subtype-specific (Oglesby et al., 1999). Antibodies were 

kept frozen at a stock concentration of 1 mg/ ml.

For immunostaining of cryostat sections, the avidin-biotin technique was 

employed according to the protocol developed by Llewellyn-Smith et al. (1992; 1993). 

Air-dried serial sections of the tissues were fixed in 4% formaldehyde and 0.2% of a 

saturated solution of picric acid in 0.1 M phosphate buffer (pH 7.4) for 2 minutes. After 

washing in PBS for 15 minutes, endogenous peroxidase activity was blocked by treating 

the sections with 0.4% H2O2 and 50% methanol for 10 minutes. Non-specific binding 

sites were blocked by 20 minutes pre-incubation in 10% normal horse serum (NHS) in 

PBS. Sections were incubated overnight at room temperature in 5 |xg/ ml of anti-P2Xi-7 

antibody, or anti-skeletal myosin (Sigma, UK) diluted 1:100 in 10% NHS + 2.5% NaCl

75



in PBS at room temperature. Subsequently, sections were incubated with biotinylated 

donkey anti-rabbit IgG (Jackson ImmunoResearch Lab, USA) diluted 1:500 in 1% NHS 

in PBS for 1 hour, and then with ExtrAvidin peroxidase (Sigma, UK) diluted 1:1500 in 

PBS for 1 hour at room temperature. For the colour reaction, a solution containing 

0.05% 3,3’-diaminobenzidine (DAB), 0.04% nickel ammonium sulphate, 0.2% beta-D- 

glucose, 0.004% ammonium nitrate and 1.2 U/ ml glucose oxidase in 0.1 M PBS was 

applied for approximately 8 minutes. Sections were washed three times with PBS after 

each of the above steps except after the pre-incubation.

Control experiments were carried out with the primary antibody omitted from the 

staining procedure, and the primary antibody pre-absorbed with the peptides used to 

immunise the rabbits. For the latter, 1.5 pi of anti-P2X antibodies (at 1 mg/ ml) were 

incubated overnight at 4°C with 24 pi of the respective peptide at 5 mg/ ml. 275pi of 

NHS was added to give 300 pi of a 5 pg/ ml concentration of the antibodies. This 

solution was centrifuged and the supernatant used for immunohistochemistry.

For immunofluorescent staining, air-dried sections of tissue were fixed in 4% 

formaldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 minutes. After washing in PBS 

for 15 minutes, sections were treated as before with 10% NHS in PBS to block non

specific binding sites. Sections were then incubated overnight at room temperature in 5 pg/ 

ml of anti-P2Xs or P2X2 antibody in 10% NHS 4- 2.5% NaCl in PBS. P2 receptor 

expression was visualised using Oregon-green labelled goat anti-rabbit IgG (Jackson 

ImmunoResearch Lab, USA) applied for 1 hour at 1:100. Double staining for AChRs 

was performed by further incubation of sections with Texas Red-labelled a- 

bungarotoxin at 1:1000 in PBS for 1 hour at room temperature. For neurofilament 200 or 

smooth muscle actin, double staining was performed by incubation of sections with 

either mouse anti-neurofilament 200 IgG (Sigma, UK) or mouse anti-smooth muscle 

actin (Sigma, UK) at 1:100 and 1:1000 respectively, overnight at room temperature. 

Staining was visualised by incubating with TRTTC- labelled goat anti-mouse antibodies 

(Jackson ImmunoResearch Lab) at 1:100 for 1 hour.
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In the case of double staining for P2Xs and skeletal myosin, a more complicated 

staining procedure was required since both antibodies were generated from the same 

host (rabbit). It should be noted that staining of separate, sequential sections with anti- 

P2Xs and anti-skeletal myosin antibodies produced the same pattern of staining as when 

the double staining procedure was followed. For double staining, sections were 

incubated overnight, at room temperature in 1 pg/ ml of anti-P2Xs antibody in 10% 

NHS + 2.5% NaCl in PBS. This was followed by incubation with biotinylated donkey 

anti-rabbit IgG (Jackson ImmunoResearch Lab) diluted 1:500 in 1% NHS in PBS (for 1 

hour at room temperature), ExtrAvidin peroxidase diluted 1:1500 in PBS (for 1 hour), 

tyramide amplification for 8 minutes (Tyramide Amplification Kit, NEN Life Science 

Products, USA) and finally streptavidin-fluorescein (Amersham, UK) at 1:200 for 30 

minutes. Sections were washed three times (5 minutes) with PBS after each of the above 

steps. Staining for skeletal muscle myosin was performed by further incubation of 
sections overnight in anti-skeletal myosin (Sigma, UK) diluted 1:100 in 10% NHS and

2.5% NaCl in PBS, followed by visualisation with goat anti-rabbit cy3 (Jackson 

ImmunoResearch Lab), 1:200 in 1% NHS in PBS for 1 hour.

For the longitudinal (50 pm sections) and double staining experiments for P2Xs 

and skeletal myosin, photographs were generated using confocal microscopy.

It should be noted that the immunohistochemical results shown are based on the 

examination of tissue samples from at least three animals, using at least four sections 

from each sample tissue. Images shown have been judged to be representative of the 

tissue following viewing of the entirety of the tissue sections.
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RESULTS

P2 X2, P2Xs and P2Xg immunoreactivity in developing rat skeletal 

muscle.

Staining procedures were carried out for all seven of the P2X receptors at all 

embryonic stages, however immunoreactivity in developing skeletal muscle was found 

only for P2X2, P2Xs and P2Xô. Control experiments, performed by pre-absorbing the 

antibodies with the corresponding peptides, showed no immunostaining, confirming the 

specificity of the findings (Fig. 2.1). The expression of these receptors was followed 

from E12 to P21 in various muscles, including the intercostal, paravertebral and limb 

muscles. Results from the muscle groups examined showed that the timing of receptor- 

expression was subtype-specific.

Prior to E l5, there was no immunoreactivity for any of the P2X receptors in the 

developing muscle. Immunoreactivity for P2Xs, but not P2 X2 or P2Xô, began at E15. 

Staining with P2Xs was restricted to a small number of cells at the ends of the muscles, 

close to the myotendinous junctions (Fig. 2.2), Immunohistochemistry with an antibody 

against skeletal myosin on sequential sections from the same embryo confirmed that the 

staining was confined to the areas of developing muscle (Fig. 2.2 B) described above. 

This skeletal marker was used throughout this study to identify areas of future muscle. 

Immunoreactivity for P2Xg strengthened during jdevelopment; by E l6  staining was more 

widespread within muscles already shown to have positive immunoreactivity for P2 X5 

and began to appear in muscles that had previously been negative (Fig. 2.2 C, D). This 

stage also marked the appearance of P2 Xô immunoreactivity within skeletal muscle. 

P2 Xô staining was strong and extensive, immuno-positive cells could be seen throughout 

muscle blocks and in all muscle groups tested (Fig. 2.3 A). Immunoreactivity for P2Xs 

and P2Xô was still apparent at E l 8 (Fig. 2.3 B, C, D, 2.4), although in the case of P2Xs 

it had become restricted to the ends of developing muscle fibres (Fig. 2.4, 2.7 A). By
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E20, immunoreactivity for both P2X5 and P2X6 within skeletal muscle fibres had 

disappeared, although P2 X5-positive cells appeared in between muscle fibres.

It was at these final stages of prenatal development, E l8 onwards, that P2 X2 

expression began to appear. Initially P2Xz was expressed most strongly in the intercostal 

(Fig. 2.5 C, D) and paravertebral muscles (Fig. 2.5 B) and was almost entirely absent in 

the limb musculature (Fig. 2.5 A). P2X2 expression was most marked in the muscles of 

the lower limb at E20 (Fig. 2.6 A). Immunoreactivity for P2X2 continued for at least I 

week postnatally (Fig. 2.6 B), but had reduced in strength to near adult expression by 

PI4 (Fig. 2.6 C, D).

In summary, three P2X receptors were expressed in developing skeletal muscle, 

P2X2, P2 X5 and P2Xô. These receptors were expressed sequentially, P2Xg being the first 

receptor to be expressed (E15) followed by P2Xô (E16) and finally P2X2 (E18). This 

sequence of receptor expression was maintained for all muscles tested. Expression of 

P2 X5 and P2 Xô was restricted to in utero development, whereas staining for P2 X2 

continued after birth. Immunoreactivity for the P2 X5 and P2Xg receptor subtypes was 

most transient, E l 5-El 8 and E I6 -EI8 respectively, whereas P2 X2 expression was more 

sustained, being reduced to near adult expression in the second postnatal week (E18- 

P14).
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Double labelling for P2 X2 and AChRs

Double labelling experiments for P2 X2 and AChRs, localised with Texas Red- 

labelled a-bungarotoxin, were carried out at E l8 , E20, P7, P14, P21 and adult. As 

described above, P2 X2 was expressed from E l8 to P14 (Fig. 2.5, 2.6). AChR staining 

was restricted to large membrane clusters at the centre of the muscle fibres, prospective 

endplate sites (Fig. 2.7 B, C, D). Consequently, only a subset of clusters was visible in 

any one section. Co-localisation of P2 X2 and AChR-clusters was not observed at any 

stage of development (Fig. 2.7 B, C, D). This included adult muscle, where no P2X2 

immunostaining was observed in either endplates (positive for a-bungarotoxin) or 

extrasynaptic regions.

P2Xs immunoreactivity in cells located between muscle fibres

Although P2 X5 expression in developing skeletal muscle fibres was restricted to 

the prenatal period, P2Xs immunopositive cells were apparent within the muscle mass at 

E20 and P7. These cells appeared to be in between developing muscle fibres. This was 

confirmed by double labelhng skeletal muscle sections with anti-skeletal muscle myosin 

and anti-P2Xs antibodies, which showed the absence of overlapping expression (Fig. 2.8 

A). By P21, P2 X5 immunostaining both within, and outside muscle fibres, had largely 

disappeared. In order to identify the P2Xs-positive cells present at P7, further double 

labelling experiments were performed using anti-neurofilament 2 0 0  and anti-smooth 

muscle actin. In both cases, there was limited co-expression with many cells remaining 

positive only for P2Xg (Fig. 2.8 B, C). This would suggest that P2Xs stained a mixed

population of cells at P7 including nerves, smooth muscle cells and probably endothelial 

cells (Fig. 2.8).
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Figure 2.1.

Pre-absorption of antibodies with the corresponding peptides demonstrtes the 

specifiety of P2X2, P2Xs and P2Xg immunostaining on developing rat skeletal 

muscle.

A, Immunoreactivity for P2 X2 in paravertebral muscles at E20. B, Sequential section 

demonstrating immunoreactivity after pre-absorption of P2 X2 antibodies with the 

corresponding peptide. C, Immunoreactivity for P2Xs in the upper limb muscles at E16. 

D, Sequential section demonstrating immunoreactivity after pre-absorption of P2Xg 

antibodies with the corresponding peptide. E, Immunoreactivity for P2Xô in the upper 

limb muscles at E l6 . F, Sequential section demonstrating immunoreactivity after pre

absorption of P2Xô antibodies with the corresponding peptide. Bars = 100 pm.
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Figure 2.2.

Expression of P2Xg in ra t skeletal muscle in longitudinal sections of E15 and E16 

embryos.

A, Immunoreactivity for P2 X5 in a muscle block at E l5 was restricted to a small 

number of cells at the ends of the muscles close to the myotendinous junctions. B, 

Sequential section showing skeletal muscle myosin staining. C, D , P2 X5 

immunoreactivity, previously absent, began to appear in paravertebral muscles at E l6 , 

shown at higher magnification in (D). R = rib cartilage. Bars = 100 pm.
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Figure 2.3.

Expression of P2X  ̂in rat skeletal muscle at E16 and E18.

A, At E16, P2X(, immunoreactivity appeared in all muscle groups tested, shown here in a 

longitudinal section of the embryo, in the intercostal and paravertebral muscles. B, C, D, 

Strong positive P2X^ membrane staining of all muscle cells remained until E18, shown in 

an oblique section of the external intercostal muscles (B), a transverse section of the 

paravertabral muscles (C) and an oblique section of the lower limb muscles (D) of E18 

embryos. R = rib cartilage. Bars = 100 pm.
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Figure 2.4.

Expression of P2X  ̂in rat skeletal muscle at E18.

At E18, P2Xg immunoreactivity became restricted to cells at the end of the muscles, close 

to the developing cartilage/bones, shown in longitudinal sections of the lower limb (A, B) 

and external intercostal muscles (C, D ). T = tibial cartilage; R = rib cartilage. Bars: A: 

500 pm, B, C: 100 pm, D: 50 pm.
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Figure 2.5.

Expression of PZX̂  in rat skeletal muscle at E18.

A, In the lower limb muscle, shown in oblique section, PZX  ̂ immunoreactivity was 

restricted to a small number of cells (arrowheads). B, C, D, P2 immunoreactivity, 

which was confined to cell membranes, was more widespread in the paravertebral 

muscles (B) and strongest in the intercostal muscles (C, D), shown in transverse section. 

R = rib cartilage. Bars: A, B, C: 100 pm, D: 50 pm.
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Figure 2.6.

Expression of PZXi in rat skeletal muscle at E20 and postnatally.

A, At E20, strong P2 X2 immunoreactivity could be seen in the membranes of lower 

limb muscle cells. B, Strong immunostaining of lower limb muscles with P2 X2 

remained postnatally at P7. C, P2 X2 immunoreactivity reduced in strength at P14. D, 

In adult tibialis anterior rat muscle immunostaining for P2 X2 was almost absent. All 

transverse sections. Bars = 100 pm.
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Figure 2.7.

Double labelling developing rat skeletal muscle for P2X5 and skeletal myosin, 

and P2X2 and AChRs.

A, Double labelling for P2X$ ( green, arrow) and skeletal myosin (red, arrowhead) 

demonstrated co-expression in areas close to the rib at E l 8 . B, C, D, Double labelling 

for P2 X2 (green, arrowheads) and AChRs (red, arrows) on intercostal muscles at E20 

(B) and tibialis anterior muscle at P7 (C) and P14 (D). Although there is strong 

staining for P2X] on the muscle membranes, it did not colocalise with AChR-clusters 

at the endplates at any of the ages examined. Bars: A: 50 pm, B: 20 pm C, D: 100 

pm.
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Figure 2.8.

Double labelling developing ra t skeletal muscle for P2Xs and a range of cell 

markers.

A, At P7, double labelling for P2Xs (green) and skeletal muscle myosin (red) showed 

the presence of many PZXg-immunopositive cells in between muscle fibers. B, Double 

labelling for P2Xs (green) and neurofilament 200 (red) demonstrated limited co

expression (yellow) of these markers (arrowhead) in fibres within a nerve bundle. C, 

Double labelling for P2Xg (green) and smooth muscle actin (red) demonstrated limited 

co-expression (yellow) of these markers (arrowheads) in both arteries and veins. Note 

that in (C) some P2Xg (green) staining appeared to be on endothelial cells. Since skeletal 

muscle develops from center to periphery, photographs taken from within the muscle 

bulk (B), which is more mature, demonstrated less immunoreactivity for P2Xg than 

those taken at the less developed periphery (C). All transverse sections of lower limb 

muscle (tibialis anterior) at P7. a = artery; v = vein. Bars: A: 100 jxm, B, C: 50 pm.
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OEVELOPIENT
OF

1*MYOTUBES

DEVELOPMENT
OF

2*MYOTUBES

INNERVATION

P2X,

P2X*

P7E12 P14£16 £18 £20 BIRTH£14

Table 2.1.

Summary of the time course of P2X2,s,6 receptor expression in rat skeletal 

muscle and the key events in skeletal muscle formation.

This table summarises the time course of P2X2,5.6 receptor expression for the rat 

intercostal muscles and demonstrates the possible overlaps with key events in skeletal 

muscle formation, namely development of primary and secondary myotubes, and 

innervation (from the first detection of synaptic inputs to the development of the 

mature NMJ). The first receptor to appear in development was P2Xs at E l5, 

disappearing from muscle fibres at El 8; P2Xô receptor expression started at E16 and 

disappeared at E l8; P2X2 receptor expression only started at El 8 and receptor 

expression was maintained until P7.

89



DISCUSSION

ATP, co-released with ACh, has been shown to modulate the developing 

neuromuscular synapses of Xenopus embryos (Fu and Poo, 1991; Fu, 1995) and to have 

direct transmitter-like actions on developing chick skeletal muscle (Kolb and Wakelam, 

1983). In chick, ATP has potent P2-dependent, depolarising actions on myoblasts in 

vitro (Hume and Honig, 1986) and causes muscular contraction in vivo (Wells et al., 

1995). Furthermore, Wells et al. (1995) demonstrate that sensitivity to ATP is 

developmentally regulated and returns in denervated skeletal muscle. Experiments on 

the mouse myoblast cell line, C2C12, showing P2-dependent responses, also suggested 

that ATP may be an important signalling molecule in mammalian skeletal muscle 

development (Henning et al., 1993a; 1993b).

However, this work was performed prior to knowledge of the existence, let alone 

the properties of the P2X receptor subtypes (Ralevic and Bumstock, 1998). The findings 

presented in this chapter suggest that expression of the P2X receptors could account for 

the ATP-sensitivity of developing skeletal muscle. Using immunohistochemistry, the 

developmentally regulated expression of three P2X receptor subtypes, P2 X2, P2Xs and 

P2Xg, in rat skeletal muscle was shown. These receptors were expressed in a sequential 

manner, which was consistent for all muscles tested: P2Xg was expressed first (E15- 

E18), followed by P2X6 (E16-E18) and finally P2X2 (E18-P14).

The temporal and spatial overlap in the expression of the P2 X2, P2Xg and P2Xô 

receptor subunits, which was observed, raises the possibility that both homomeric and 

heteromeiic receptors may be present in developing skeletal muscle. In sensory neurones 

of the nodose ganglion, P2X2 and P2 X3 subunits are co-expressed (Vulchanova et al., 

1997). The characteristics of the P2X receptors present on these cells can only be 

accounted for by the presence of a P2X2/3 heteromeric receptor (Lewis et al., 1995). 

Biochemical studies have shown that eleven heteromeric receptors can be formed by 

pair wise combination of P2X subunits (Torres et al., 1999). However, of these only 

P2X2/3, P2Xi/5, P2 X4/6 and P2 X2/6 have been demonstrated in functional studies (Lewis
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et al., 1995; Torres et al., 1998; Le et al., 1998; King et al., 2000). Further double 

labelling studies will be required to determine more closely the extent of P2X receptor 

co-expression in developing skeletal muscle. This issue is highlighted by the findings at 

P7, demonstrating the expression of both P2%2 and P2Xg, but whereas P2Xa stains 

skeletal muscle, P2Xs is expressed on a range of other cell types including smooth 

muscle and nerve fibres. However, it is worth noting that the study of Torres et al. 

(1999) suggests that the P2Xô receptor subunit does not form a homomeric receptor, so 

implying that any functional role will be in co-assembly with either P2X2 or P2Xs 

subunits.

The developmentally regulated expression of the P2X receptors suggests that the 

channels formed are of functional significance. The timing of receptor expression 

appeared to be closely related to key events in skeletal muscle development (Table 2.1), 

notably secondary myotube formation and the establishment of mature NMJs. ATP- 

signalling via P2Xs and P2X6 could be involved in the former event, whereas P2X2 

receptor activity could be related to the latter.

Skeletal muscle cells are formed in two stages: primary myotubes develop first, 

and are followed after a delay by secondary myotubes, which will form the majority of 

muscle fibres in the adult tissue (Kelly and Zacks, 1969; Harris, 1981; Ontell and 

Kozeka, 1984; Ross et al., 1987). Secondary myotubes develop from the middle of the 

muscle in close association with the neuromuscular junctions of guiding primary 

myotubes (Duxson et al., 1989). They extend by the asynchronous fusion of myoblasts 

at their ends (Zhang and McLennan, 1995) to finally attach to the muscle tendons 

(Duxson and Usson, 1989). Immunohistochemical data from this study suggested the 

involvement of P2X receptors in secondary myotube formation. No immunoreactivity 

for P2Xs (the first receptor to be expressed) was detected during the early stages of 

primary myotube formation, (Ross et al., 1987). However, P2X receptors could be 

involved in the formation of secondary myotubes, which begins at E16 in the intercostal 

muscles (Kelly and Zacks, 1969), precisely the same time at which there is strongest 

immunoreactivity for P2Xs and P2X6.
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Staining for the P2 X2 receptor began in the intercostal muscles at E l8, the peak 

of polyneuronal innervation (Dennis et al., 1981) and was maintained postnatally during 

maturation of the NMJ. It is well established that nerve-induced activity plays a crucial 

role in regulating the expression and distribution of many receptors and channels on the 

muscle membrane, notably AChRs. Whereas developing myotubes express clusters of 

AChRs throughout the membrane, adult skeletal muscle is characterised by the striking 

concentration of receptors in the postsynaptic membrane and their virtual absence from 

the extrasynaptic membrane. This reorganisation is in part activity-dependent (Vrbova et 

al., 1995; Sanes and Lichtman, 1999). In the case of rat intercostal muscles, synaptic 

inputs are first detected at E l5 and produce clustering of AChRs by E16 (Dennis et al., 

1981). However, on the basis of intracellular recordings in response to ACh application 

(generally considered to be more sensitive than detection by a-bungarotoxin) the 

extrajunctional AChR density, particularly in regions close to the myotendinuos, 

remains high after birth and only declines during the first postnatal week (Diamond and 

Miledi, 1962). Changes in the expression of the P2X receptor subtypes, particularly 

P2X%, mirrored and may even contribute to this process. P2Xa receptor expression is also 

maintained during the first postnatal week and declines subsequently. Interestingly, no 

expression of P2Xz has been reported in chick skeletal muscle (Meyer et al., 1999b). 

This may reflect differences in the development of mammalian as opposed to avian 

NMJs.

The surprising abundance of the P2X receptors raises the issue of what the 

potential sources of ATP in developing skeletal muscle might be. Consistent with 

expression of the P2X receptors during late, primarily nerve-dependent processes in 

muscle formation, the most obvious sources of ATP in skeletal muscle are also nerve- 

dependent. It is well established that ATP is stored within the synaptic vesicles of pre- 

synaptic nerve terminals and is co-released with ACh (Silinsky and Hubbard, 1973). In 

addition, skeletal muscle fibres have been shown to secrete ATP on contraction 

(Hellsten et al., 1998; Cheng et al., 2000; Lynge et al., 2000). However, there are other 

important nerve-independent sources of extracellular ATP. Osteoblasts and 

chondrocytes, which are obviously closely associated with developing skeletal muscle.
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have been shown to be capable of releasing ATP (Bowler et al., 1998; Lloyd et al., 

1999) and could be associated with the marked expression of P2 X5 at myotendinous 

junctions.

In conclusion, this study demonstrated for the first time that, three members of 

the P2X receptor family, P2X%, P2 X5 and P2Xe are expressed in developing rat skeletal 

muscle. These receptors are expressed sequentially (P2Xs, followed by P2Xg and finally 

P2 X2) and appeared to be developmentally regulated. The timing of receptor expression 

is closely related to key events in skeletal muscle development, notably the generation of 

secondary myotubes and the redistribution of AChRs, suggesting that ATP may have 

trophic actions on developing mammalian skeletal muscle. However, the precise roles of 

the P2X receptor subtypes in skeletal muscle development remain to be investigated.
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CHAPTER 3

DYNAMIC EXPRESSION OF P2 RECEPTORS ON 

MAMMALIAN SKELETAL MUSCLE SATELLITE 

CELLS AND MYOTUBES IN PRIMARY CULTURE

INTRODUCTION

Recent studies have demonstrated the expression of both P2X and P2Y receptors 

during the development of skeletal muscle. Expression of P2Yi, P2Xs and P2Xô 

receptors has been demonstrated during chick skeletal muscle development (Meyer et 

al., 1999a; 1999b; Ruppelt et al., 2001) and, using immunohistochemistry, the sequential 

expression of P2X2, P2Xs and P2Xg in rat skeletal muscle was shown in Chapter 2.

It has been generally assumed that purinergic signalling in skeletal muscle is 

primarily involved in neuromuscular transmission and muscle contraction. However, 

these studies showed that immunoreactivity for purinoceptors was not exclusively 

related to innervation. Expression of both the P2Yi and P2Xs receptors was 

demonstrated in the somites and dermomyotome of chick embryos, containing only 

muscle precursor cells (Meyer et al., 1999a; 1999b; Ruppelt et al., 2001). Similarly, 

expression of P2Xg receptor subunits on myotubes was not restricted to the 

neuromuscular junction (Meyer et al., 1999b; Chapter 2), but was most strongly 

expressed on the ends of developing rat muscle fibres, far from the site of nerve entry 

(Chapter 2). These studies suggest that purinergic signalling may be important in 

multiple processes, including muscle formation and the regulation of neuromuscular 

transmission.
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In order to investigate P2 receptor expression during muscle formation and 

maturation, primary cultures of rat skeletal muscle satellite cells were used. Although 

normally quiescent, in response to muscle damage, satellite cells undergo the following 

processes: proliferation, commitment to differentiation, cell cycle exit, phenotypic 

differentiation (including the expression of AChRs); and fusion to form multinucleated 

myotubes (Perry and Rudnicki, 2000; Seale and Rudnicki, 2000). Myogenesis in vitro 

occurs in an analogous manner. Satellite cells in primary culture proliferate, align and 

fuse to form spontaneously contractile myotubes. This cellular morphogenesis is 

accompanied by muscle-specific gene expression, including the expression of the MRFs 

and proteins characteristic of terminal differentiation, such as myosin heavy chain 

(MHC) and nicotinic AChRs.

Using this model of muscle formation a variety of techniques, including 

immunocytochemistry, RT-PCR and patch clamping, were applied. Thus, it was possible 

to investigate the timing, localisation and pharmacology of purinoceptors on satellite 

cells and myotubes during the process of muscle formation and maturation in culture.
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MATERIALS AND METHODS

Tissue culture

Skeletal muscle satellite cells were prepared using a protocol adapted from 

Daniels et al (2000). Skeletal muscle was dissected from the hindlimbs of 1-2 day old, 

neonatal Sprague Dawley rats and finely chopped using a Mcllwain Tissue Chopper. 

Skeletal muscle from four hindlimbs was placed in a 60 mm petri-dish and digested in 1 

mg/ ml trypsin (Sigma, UK) in Hanks buffered saline solution (HBSS) (Life 

Technologies, UK) supplemented with 10 mM HEPES (N-[2-hydroxyethyl]piperazine- 

N’-[2-ethanesulfonic acid]) buffer (Life Technologies, UK) on an oscillating platform at 

37°C for 50 minutes. Further digestion by trypsin was inhibited by the addition of 1 ml 

of 24 mg/ ml bovine serum albumin (BSA) (Sigma, UK) in HBSS. Collagenase (Type 2) 

(Worthington Biochemical Corporation, USA) was then added to produce a final 

concentration of 0.4 mg/ ml. After collagenase digestion for 50 minutes at 37°C and 

addition of 1 ml of fetal calf serum (ECS) (Life Technologies, UK), the resulting 

suspension was filtered through a sterile 200 |xm mesh and subsequently centrifuged. 

The pellet was resuspended in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% ECS, 10% NHS and 100 U/ ml penicillin and 100 p,g/ ml 

streptomycin (Life Technologies, UK). This medium was termed growth medium 

(GM).

In order to remove fibroblasts the cell suspension was pre-plated for 30 minutes 

on 100 mm petri-dishes and then replated on 1% gelatin-coated dishes. Cells were 

maintained in GM at 37°C and 5% CO2 for 1-2 days or until a maximum of 80% 

confluency had been reached. Cells were then rinsed with HBSS and selectively 

detached using 0.05% Dispase II (Roche, UK) in HBSS. Application of Dispase II for 3- 

5 minutes was sufficient to remove 75% of cells. After addition of ECS to a final 

concentration of 10% to prevent further Dispase activity, the cell suspension was 

centrifuged and resuspended in GM. This cell suspension was pre-plated as before to
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remove remaining fibroblasts and then finally plated on laminin-coated coverslips or 

plasticware as appropriate. No further passaging of cells was performed and freshly 

isolated cells were used for each experiment. In order to potentiate myotube formation, 

cells were maintained in DMEM supplemented with 5% NHS and 100 U/ ml penicillin 

and 100 |ig/ ml streptomycin (Life Technologies, UK). This medium was termed 

differentiation medium (DM).

Electrophysiology

Cells were plated at low density in 35 mm plastic culture dishes (Falcon, UK) 

and maintained in culture for 1 -  7 days. Culture dishes were placed on the stage of an 

inverted microscope (Diaphot, Nikon) and cells visualised under phase contrast at 600x 

magnification. Culture dishes were perfused with extracellular solution at room 

temperature, at a rate of 0.5 ml/ min, while solution was applied locally to the cell of 

interest using a microperfusion device (see Dunn et al., 1996). Recordings were carried 

out using the conventional whole cell patch clamp technique (Hamill et al., 1981), or the 

perforated patch technique (Horn & Marty, 1988). Patch electrodes were fabricated 

from thin wall borosilicate glass capillaries (Clark Electromedical, GC 150TF) and had a 

resistance of 2 -  4 MQ when filled with “intracellular solution”. Membrane currents 

were recorded using an Axopatch 200B amplifier (Axon Instruments), displayed on a 

chart recorder (Gould TA240) and stored on digital audio tape using a DTK-1204 

(Biologic, Claix, France) recorder for subsequent line analysis. Traces were acquired 

using Fetchex (pClamp software. Axon Instruments) and plotted using Origin.

Concentration effect data were fitted with the Hill equation: Y=A/[1+(K/X)°] 

where A is the maximum effect, K is the E C 5 0  and n is the Hill coefficient, using Origin 

5 (Microcal). The combined data from a number of cells were fitted, and the results are 

presented as values ± s.e. determined by the fitting routine.
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Except where modified as indicated, the extracellular solution contained (mM): 

NaCl, 154, KCl, 4.7, HEPES, 10, D-glucose, 5.6, CaCb, MgCl: 1.2, adjusted to pH 7.4 

with NaOH. In experiments to investigate P2X mediated responses, the intracellular 

(pipette) solution contained (mM): citric acid 56, MgClz 3, CsCl 20, HEPES, 40, EGTA 

0.1, TEA Cl 10, adjusted to pH 7.2 with CsOH (total Cs^ concentration 170 mM). To 

investigate P2Y-mediated responses, the pipette solution contained (mM): K3 citrate 56, 

KCl 25, NaCl, 10, HEPES 35, K EGTA 0.1, amphotericin B 0.26.

Electrophysiology was kindly performed by Dr. Philip Dunn at the Autonomic 

Neuroscience Institute.

Drugs applied

ATP, ADP, UTP, 1,1 -dimethyl-4-phenylpiperazinium iodide (DMPP), Reactive Blue 2 

(RB2) and suramin were purchased from Sigma, UK. PPADS (tetrasodium salt) was 

supplied by Tocris Cookson Ltd (Bristol, UK).

Immunocytochemistry

Cells were plated on laminin-coated glass coverslips or laminin-coated 8-well 

LabTek chamberslides (Nunc Life Technologies, UK) for immunocytochemistry. In 

both cases cells were fixed for 20 minutes in 4% paraformaldehyde. After washing in 

PBS, cells were permeabilised and non-specific binding sites blocked using 10% normal 

goat serum (NGS) + 0.2% Triton X-100 in PBS. Fixed cells were incubated with 

primary antibodies, diluted in 10% NGS + 0.2% Triton X-100 in PBS, overnight at room 

temperature. The primary antibodies used were rabbit anti-P2Xi.7 (Roche Bioscience, 

USA), rabbit anti-P2Yi, P2 Y2 and P2 Y4 (Alomone Laboratories, Israel), MF20 

(University of Iowa Developmental Studies Hybridoma Bank, USA) and rabbit anti- 

MyoDl (Autogen Bioclear, UK). These antibodies were used at the following
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concentrations: rabbit anti-P2 Xi.7, 5 |Lig/ ml; rabbit anti-P2Yi, P2 Y2 and P2 Y4, 3 îg/ ml; 

anti-MF20, 1:100 of hybridoma supernatant; and rabbit anti-MyoDl, 1:400. After 

washing in PBS, cells were incubated with fluorescence-labelled secondary antibodies 

for 1 hour at 37°C. Cy3-labelled donkey anti-rabbit (1:500 in 1% NHS in PBS) or 

Oregon green-labelled goat anti-mouse/ rabbit secondary antibodies (Stratech Scientific, 

UK) (1:100 in 1% NGS in PBS) were applied as appropriate.

In some cases, cell cultures labelled for P2X or P2Y receptors and visualised 

with orgeon green-labelled goat anti-rabbit secondary antibodies, were further labelled 

for AChRs (a  subunit) by incubation with Texas Red-labelled a-bungarotoxin diluted 

1:1000 in PBS for 1 hour. Cell nuclei were also stained by incubation with 4',6- 

diamidino-2-phenylindole (DAPI) (Sigma, UK) at 0.6 jig/ ml in PBS for 1 hour at room 

temperature. Coverslips and Lab-Tek chamberslides were mounted using Citifluor and 

visualised using a fluorescence or confocal microscope.

Control experiments were carried out with the primary antibody omitted from the 

staining procedure and, in the case of the rabbit anti-P2 Xi_7, P2Yi, P2Yi and P2 Y4 

antibodies, the primary antibody pre-absorbed with the peptides used to inununise the 

rabbits. Pre-absorption of the anti-P2X antibodies was carried out as described in 

Chapter 2 (Materials and Methods, Immunohistochemistry). For the anti-P2Y antibodies, 

1.5 |xl of anti-P2Y antibodies (at 0.6 mg/ ml) were incubated overnight at 4°C with 24 |xl 

of the respective peptides at 0.04 mg/ ml. 275|xl of NHS was added to give 300 pi of a 3 

pg/ ml concentration of the antibodies. This solution was centrifuged and the 

supernatant used for immunohistochemistry.
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Total RNA extraction

Total RNA was extracted from cells or whole tissues using the SV Total RNA 

Isolation System (Promega, UK). In the case of cell cultures, cells were rinsed twice in 

ice-cold, DEPC-treated PBS before being scraped off 75 cm^ flasks in 5 ml of PBS. The 

cell suspension was then centrifuged, the supernatant was discarded and 175 pi Promega 

lysis buffer added to approximately 2 x 10  ̂cells. The resulting solution was passed five 

times through a 20 gauge needle to shear genomic DNA and so reduce the viscosity of 

the solution. Subsequent steps were performed as described in the SV Total RNA 

Isolation System manual. Briefly, these steps included precipitation of RNA with 

ethanol, binding of nucleic acids to a silica membrane (contained in a spin colunm 

assembly) by centrifugation, digestion of contaminating genomic DNA with RNase-free 

DNase I and ultimately elution of total RNA in nuclease-free H2O.

The RNA content of the resulting solution was assessed using 

spectrophotometric quantitation. The optic density (OD) of a 1:500 dilution of the test 

solution was measured at 260 nm. On the assumption that the solution contained RNA 

alone, the RNA concentration was calculated on the basis that an OD reading of I at 260 

nm corresponds to 40 pg/ ml of pure RNA. Samples were then aliquoted into autoclaved 

eppendorfs and stored at -80°C.

Extraction of total RNA from whole tissues was conducted in a similar way. 

Adult male rats were killed by a rising concentration of CO2 (confirmed by cervical 

dislocation) and trigeminal ganglia, skin, gut and heart rapidly dissected. These tissues 

were snap frozen in liquid nitrogen and stored at -80°C. Tissue samples were crushed 

under liquid nitrogen using a pestle and mortar. The resulting powder was then rapidly 

transferred to a pre-chilled eppendorf tube and Promega lysis buffer added. The 

extraction procedure was then completed as described above.
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RT-PCR

RT-PCR was performed in one step using Ready-to-Go RT-PCR beads 

(Amersham, UK). Using this system RT-PCR reactions could be performed by simply 

adding DEPC-treated H2O, total RNA and sense and anti-sense primers to pre-packaged 

reaction tubes containing all other necessary substances (such that the final solution 

contained: 2.0 U of Tag DNA polymerase, 10 mM Tris-HCl, 60 mM KCl, 1.5 mM 

MgCl], 200 |xM of each dNTP, Moloney Murine Leukaemia Virus Reverse 

Transcriptase, RNAguard Ribonuclease Inhibitor and stabilisers, including 

RNase/DNase-free BSA). In this way the potential for contamination (RNase or 

genomic DNA) and pipetting errors was greatly reduced. Reverse transcription was 

performed using the relevant anti-sense primer and heating reaction tubes for 2 0  minutes 

at 42° C. The following conditions were used for the amplification reaction: 95°C for 30 

seconds, the relevant annealing temperature for 30 seconds, and 72°C for 1 minute, plus 

an additional elongation step (72°C for 5 minutes) after the last cycle. Amplification 

products and pre-stained DNA standards of specified length (Sigma, UK) were separated 

by electrophoresis on a 2 % agarose gel and visualised by ethidium bromide staining. 

Results were analysed using BioRad Multi-Imager software. The presence of possible 

contaminants was investigated in all experiments, using control RT-PCR reactions in 

which, either mRNA had been omitted or the reverse transcriptase had been inactivated 

by heating to 95°C.

The P2 Xi-7 primers used were ordered from Life Technologies (UK) according 

to the sequences published by Shibuya et al. (1999). In order to determine the specifity 

of the primers in our own system, PCR reactions were conducted on total RNA samples 

from control tissues, including adult rat trigeminal ganglia, skin, gut, brain and heart. In 

each case 1.5 |xg of total RNA was used per 50 pi reaction and 30 cycles were completed 

prior to analysis. In the case of each primer set, the PCR reaction resulted in a single 

product of the expected length. PCR reactions were optimised on the basis of annealing 

temperature and MgCl] concentration.
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3.1. Total RNA from adult, rat heart was used as a positive control for P2Xs.

ANNEALING TEMP. (°C)

450  • 
400  ■

3 0 0 - 

200  ■

57  58 59

'S';':'

2 .0  2 .5  3 .0  3 .5  4 .0  2 .0  2 .5  3 .0  3 .5  4 .0  2 .0  2 .5  3 .0  3 .5  4 .0

MgCI; CONCENTRATION (mM)

Primers for P2X5 were tested using a range o f annealing temperatures and MgCl; concentrations. PCR 

reactions conducted using a 2.0 mM MgCli and an annealing temperature o f 58°C produced the greatest 

degree o f amplification, as shown by band strength.

The P2X primers, the lengths of products and optimal primer conditions are 

listed in Table 3.1. RT-PCR reactions conducted on cell samples were conducted as 

above, except that 1 fig of total RNA was used for each 50 fil reaction and PCR products 

were analysed after 20-25 cycles.
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Analysis of RNA by RT-PCR

In order to compare the levels of P2X receptor mRNA between two cell groups 

semi-quantitative RT-PCR was used. This technique is based on the principle that a 

“housekeeper” gene, expressed at similar levels in all cells to be tested (irrespective of 

treatment) can be used as a loading control. At low cycle numbers, the amount of mRNA 

added to the RT-PCR reaction mixture is directly related to the quantity of amplification 

product formed, as assessed by the band strength (measured using BioRad Multi-Imager 

software). Thus by altering the quantity of total RNA added to the PCR reaction 

mixture, two samples can be matched such that for the same number of PCR cycles, the 

same amount of product is formed. In this way it is possible to ensure that equivalent 

quantities of mRNA are used for test PCR reactions (in this case, PCR reactions for the 

identification of P2X receptor expression).

In this case 16S (coding for a ribosomal protein) was used to standardise 

samples. Primers for 16S were ordered from Life Technologies (UK) according to the 

sequences published by Ogilvie et al. (2000). As in the case of the primers for the P2X 

receptors, the 16S primers were tested and optimised prior to experimental use. The

product length and optimal primer conditions are listed in Table 3.1. Samples were 

standardised, such that the strength of the 16S band produced was the same at 20 cycles. 

In general 0.5-1.5 |Lig of total RNA was required for a 50 pi reaction mixture. In all 

cases, PCR reactions were performed for 16S at a range of cycle numbers to ensure that 

band strength at 20 cycles was below saturation and consequently changes in RNA 

loading would indeed result in observable changes in band strength.
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3.2. Example of method of used to standardise samples on the basis of 16S 

expression.

SAM PLE 1 
(Total RNA = 0.6|ag)

B
SAM PLE

1
SAM PLE 2 

(Cycle num b er = 20)

10 15 20 25

CYCLE NUMBER

30 0.60 0 .50  0 .75 1.00

TOTAL RNA (in jig)

1.25

A, Using a set quantity o f total RNA for sample 1 (0.6 |Tg/ 50 1̂ reaction) RT-PCR was performed using 

10-30 PCR cycles. This demonstrated that at 20 cycles changes in the quantity o f PCR product formed 

could still be clearly observed by ethidium bromide staining. B, RT-PCR reactions were performed using 

0.5-1.25 p.g o f total RNA from sample 2, but a constant number o f PCR cycles (20). In this way it was 

possible to show that similar quantities of DNA product were produced by 0.6 |Tg of sample 1 and 0.5 )xg 

of sample 2.

After establishing the number of pg of each sample required to produce the same 

quantity of 16S amplification product, RT-PCR reactions could be performed to 

demonstrate the expression of P2X receptors. Reactions were performed as described 

above. Amplification products, formed after 20-25 cycles, were separated on a 2% 

agarose gel and analysed using Bio-Rad Imaging software.
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Table 3.1. Specific primer sets for P2Xi.7, P2Yi, P2Y2, P2Y4, P2Yg and 16S.

Nam e S e q u e n c e  (S' - 3 ') No. of 

b a s e  p a irs

A nnealing  

T em p. “C

Ref.

P2Xi 8  -  GAAGTGTGATCTGGACTGGCACGT 

AS-GCGTCAAGTCCGGATCTCGACTAA

452 58 8 h ib u y a e ta l. (1999)

P2Xz 8  - GAATCAGAGTGCAACCCCAA 

A8-TCACAGGCCATCTACTTGAG

357 61 8hibuya e ta l .  (1999)

P2Xa 8  - TGGCGTTCTGGGTATTAAGATCGG 

A8-CAGTGGCCTGGTCACTGGCGA

440 58 8 h ib u y ae t al. (1999)

P2 X4 8  - GAGGCATCATGGGTATCCAGATCAAG 

A8-GAGCGGGGTGGAAATGTAACTTTAG

447 58 8 h ib u y a e ta l .  (1999)

P2Xs 8  - GCCGAAAGCTTCACCATTTCCATAA 

A8-CTATCACATCAAAGCGGATGCCGTAGG

418 58 8hibuya a t al. (1999)

P2X0 8  - AAAGACTGGTCAGTGTGTGGCGTTC 

A8-TGCCTGCCCAGTGACAAGAATGTCAA

520 57 8 h ib u y a e ta l. (1999)

P 2 X7 8  - GTGCCATTCTGACCAGGGTTGTATAAA 

A8-GCCACCTCTGTAAAGTTCTCTCCGATT

354 58 8hibuya e t al. (1999)

P2Yi 8  - ACGTCAGATGAGTACCTGCG 

A8-CCCTGTCGTTGAAATCACAC

289 58 Bailey e t al. (2000)

P2Yz 8  - CTGGTCCGCTTTGCCCGAGATG 

A8-TATCCTGAGTCCCTGCCAAATGAGA

311 60 Bailey e t al. (2000)

P2 Y4 8  ■ TGTTCCACCTGGCATTGTCAG 

A8-AAAGATTGGGCACGAGGCAG

294 66 Bailey e t al. (2000)

P2Ye 8  - TGCTTGGGTGGTATGTGGAGTC 

A8-TGGAAAGGCAGGAAGCTGATAAC

339 62 Bailey e ta l .  (2001)

16S 8  - C 1GGAGCCTGTTTI GCTTCTG 

A8-TGAGATGGACTGTCGGATGG

113 61 Ogilvie e t al. (2000)
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RESULTS

P2 receptor expression and regulation on satellite cells

Cells were plated at low density and maintained in either differentiation medium 

(DM) or growth medium (GM) for 24 hours. As demonstrated by staining for the 

myogenic transcription factor MyoD, 93.6% ± 2.5% of cells were activated satellite cells 

(Fig. 3.3 A). These cells were also capable of fusing to form multinuclear myotubes that 

were positive for muscle-specific proteins, such as skeletal MHC (Fig. 3.3 B).

Using specific antibodies for the P2 X1.7 and P2Yi, P2 Y2 and P2 Y4 receptors, 

purinoceptor expression on satellite cell cultures was investigated. Control experiments, 

performed by pre-absorbing the antibodies with the corresponding peptides, were used 

to confirm the specificity of the findings. Immunoreactivity for only two of the P2 

receptors, P2Xg and P2Yi, was found on cells in these cultures (Fig. 3.3 D, E, F). The 

expression of the P2Yi receptor was not affected by the serum conditions in which cells 

were maintained (Fig. 3.3 E, F). There was strong expression of P2Yi on cells 

maintained in both high serum (growth) medium and low serum (differentiation) 

medium. In contrast, P2Xs receptor protein was only expressed when cells were 

maintained in low serum (differentiation) medium (Fig. 3.3 C, D).

Using RT-PCR, it was possible to demonstrate expression of both P2Xg and 

P2Yi receptor mRNA in satellite cell cultures (Fig. 3.3 G, H). In the case of the P2Xs 

receptor, semi-quantitative RT-PCR demonstrated increased expression of P2Xs receptor 

mRNA in cells maintained in DM, as compared to those maintained in GM (Fig. 3.3 G). 

P2 X2, P2 X4 , P2Xô and P2 Y2 receptor mRNA was also detected (Fig. 3.3 G, H). P2X2 

receptor mRNA was not expressed by cells maintained in GM, and was only expressed 

at a very low level in cells maintained in DM. However, P2X4 and P2Xg receptor 

mRNAs were expressed at similar levels in cells maintained under both conditions.
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Patch clamp recordings on satellite cell cultures

To investigate the functional properties of the P2 receptors present on satellite 

cells, whole cell patch clamp recording was carried out. When the recording pipette 

contained a Cs^ based solution, rapid application of 10 pM ATP evoked a small, inward 

current of 9.7 ± 1.6 pA in 80% (17/21) of cells (Fig 3.4 A). In contrast, the nicotinic 

AChR agonist, DMPP, produced an inward current in only 20% (2/10) of cells tested 

(Fig. 3.4 A).

Responses to ATP reflected a current density of 0.87 ±0.1 pA/pF and activated 

and inactivated quickly (Fig. 3.4 A). UTP and ADP, which are potent agonists at some 

types of P2Y receptors failed to evoke any significant response under these recording 

conditions even at a concentration of 100 pM (Fig. 3.4 B) The inward current activated 

by ATP was inwardly rectifying with a reversal potential close to 0 mV (mean reversal 

potential -3.8 ± 4.7 mV, n = 8) indicative of a non-selective cation conductance (Fig. 

3.4 C). The purinoceptor antagonist PPADS produced a potent inhibition of the response 

to ATP (Fig. 3.4 D), which reversed only very slowly on washout.

When recordings were made using the perforated patch technique with a 

based pipette solution, ATP evoked an outward current, which activated with a delay of 

several seconds (Fig. 3.4 E). This would suggest the involvement of a metabotropic 

receptor and activation of Ca^^-activated potassium channels.
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P2 receptor expression and regulation on myotubes

Satellite cell cultures, maintained in DM to encourage myotube formation, were 

investigated 1, 3, 5 and 7 days after plating. Day 1 cultures contained activated skeletal 

muscle satellite cells, as confirmed by immunostaining for MyoD (Fig. 3.3 A). 

However, by day 3 some satellite cell-derived myoblasts had aligned and fused to form 

multinuclear myotubes, as confirmed by the expression of skeletal myosin and the 

presence of three or more nuclei (Fig. 3.3 B) This process continued such that by day 5 

and 7, large, spontaneously contractile myotubes had formed. Staining procedures were 

carried out for all seven of the P2X receptors and P2Yi, P2 Y2 and P2 Y4 at all four time- 

points. The absence of staining when the antibodies were pre-absorbed with the 

corresponding peptides, confirmed the specificity of the findings (Fig. 3.5 E, 3.5 J, 3.6 

E, 3.6 J). Only immunoreactivity for P2 X2, P2Xs, P2Yi and P2 Y4 (Fig. 3.5, 3.6) 

receptors was found. These receptors were expressed sequentially, P2Xs and P2Y1 being 

expressed first, followed by P2 Y4 and P2X2 (Table 3.2).

As demonstrated above, myoblasts maintained in DM stained strongly for the 

P2 X5 and P2Y1 receptors (Fig. 3.5 A, 3.6 A). Similarly, early myotubes, present on day 

3 cultures, expressed P2Xs and P2Yi only (Fig. 3.5 B, 3.6 B). However with increasing 

time in culture, expression of these receptors on both myoblasts and myotubes was 

greatly reduced. In the case of P2Yi, immunoreactivity on both unfused cells and 

myotubes had disappeared by day 5 (Fig. 3.6 C). Similarly in the case of P2Xg, there 

was no inununostaining on unfused cells, and staining of myotubes was restricted to the 

ends of the cells (Fig. 3.5 C). Since myotubes formed in vitro may branch to form multi- 

as opposed to bi-polar cells (as in vivo), it was noted that the tips of all poles of the 

myotubes stained for P2Xg (Fig. 3.7). By day 7, no staining for P2Xg was detectable on 

any cell type (Fig. 3.5 D).

Unlike P2Xs and P2Y%, immunoreactivity for the P2 X2 and P2 Y4 receptors could 

only be detected on myotubes (Fig. 3.5 G-H, 3.6 G-H), but not on myoblasts. However, 

whereas immunoreactivity for P2 Y4 could be detected on myotubes at all time points

108



(from day 3 until day 7) (Fig. 3.6 F-H), P2X2 expression could only be detected from 

day 5 (Fig. 3.5 G). Furthermore unlike P2 Y4 receptor expression, staining for P2 X2 was 

not homogenous (Fig. 3.5 G-H). Although, P2 X2 was expressed along the whole length 

of the myotubes, there were clusters or areas of membrane with particularly high 

receptor staining. This pattern of staining was particularly apparent on the myotubes of 

day 7 cultures (Fig. 3.5 H).

In summary, it was possible to demonstrate the sequential expression of four 

purinoceptors during myotube formation, P2Yi, P2Xg, P2 Y4 and P2 X2 (Table 3.2). 

Whereas P2Yi and P2Xs were expressed on both myoblasts and myotubes, the P2 Y4 and 

P2X2 receptors were only expressed on myotubes (Table 3.2).

Co-expression of P2 X2 and AChRs on myotubes

In order to determine whether this pattern of P2 X2 immunostaining was related 

to the well-documented clustering of AChRs on myotubes of aneural cultures, day 5 and 

7 cultures were double stained for P2X2 receptors and with Texas Red-labelled a- 

bungarotoxin (Fig. 3.8). As previously reported a-bungarotoxin labelled clusters of 

AChRs scattered across the myotube membrane (Fig. 3.8 A, B). Using confocal 

microscopy to determine the precise location of receptor staining, co-localisation of 

P2X2 (green) (Fig. 3.8 C, D) and AChRs (red) (Fig. 3.8 A, B) was demonstrated. 

Although, there were clearly areas of myotube membrane with significant co

localisation (yellow), the same myotube also stained in other areas for P2X2 alone or 

AChRs alone (Fig. 3.8 E, F).
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Patch clamp recordings on myotubes

To avoid complications arising from poor space clamp, recordings were only 

made from small linear myotubes (<300 pm in length). When recordings were made 

with a Cs'^-based pipette solution, these cells all responded to ATP with a small, rapidly 

activating inward current (Fig. 3.9 A, B). This response was much less than that 

produced by the nicotinic AChR agonist DMPP (Fig 3.9 A). In agreement with the 

findings of Hume and Honig (1986), no ATP-activated single channel currents in outside 

out patches excised from these myotubes were observed. As with satellite cell-derived 

myoblasts, recording with a based solution revealed a slowly activating outward 

current (Fig 3.9 D), which would suggest the involvement of a metabotropic receptor 

and activation of Ca^'^-activated potassium channels.

The pharmacology of the ATP-activated inward current was investigated in 

myotubes. The effect of ATP was concentration-dependent, with an EC50 of 2.3 pM 

(Fig 3.9 C) and could not be replicated by application of either UTP or ADP (at 

concentrations of 30 pM) (Fig. 3.9 B). Both suramin and Reactive Blue 2 produced a 

concentration-dependent, reversible antagonism of the ATP response with I C 5 0  values of 

3 and 0.97 pM respectively (Fig 3.10 A, B). The most potent antagonist tested was 

PPADS. This compound, at a concentration of 0.1 pM, produced > 95% inhibition. 

However the antagonism developed slowly over the course of 4 minutes and washed out 

very slowly, so that after 15 minutes washing, the response had recovered to less than 

50% of the control value (Fig 3.10 C).
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Figure 3.3.

Expression and régulation of purinoceptor protein in satellite cells in vitro,
A, Immunocytochemistry for MyoD (red) and DAPI (blue) on day 1 cultures 

maintained in DM demonstrated that cultures contained 93.6% ± 2.5% activated 

satellite cells. Magnification bar = SOjxm. B, Immunocytochemistry for myosin heavy 

chain (green) and DAPI (blue) on day 5 cultures maintained in DM demonstrated that 

satellite cells were capable o f fusing to form multinuclear myotubes. Magnification 

bar = 100pm. C, D, Immunocytochemistry for P2X; (green) and DAPI (blue) 

demonstrated that cells maintained in differentiation medium (DM) for 24 hours, 

stained more strongly for P2Xs receptor protein than those maintained in growth 

medium (GM). Note that photographs were taken using identical exposure times. 

Magnification bar = 50pm. E, F, Immunocytochemistry for P2Yi (green) and DAPI 

(blue) demonstrated that P2Yi receptor expression was not effected by changes in 

serum conditions on day 1. Note that photographs were taken using identical 

exposure times. Magnification bar = 50pm. G, Semi-quantitative RT-PCR was used 

to investigate the expression of P2X receptor mRNA in satellite cells on day 1 o f 

culture. Note that cells maintained in DM for 24 hours, expressed higher levels of 

P2Xs receptor mRNA compared with cells maintained in GM. Similarly P2X: 

receptor mRNA was only expressed on cells in DM. P2X# and P2X6 receptor mRNA 

was also expressed by skeletal satellite cells, but expression was not effected by 

changes in medium. H, RT-PCR was used to demonstrate the expression of P2Y 

receptor mRNA in satellite cells on day 1 of culture, maintained in DM. Both P2Yi 

and P2Y] receptor mRNA was detected.
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Figure 3.4.

Patch clamp recording from satellite cell-derived myoblasts.

A, Application of ATP to myoblasts voltage clamped at -60 mV using a Cs^ based 

electrode solution, produced a rapidly activating inward current. In this and subsequent 

figures, the bar indicates the duration of drug application. Most cells failed to respond to 

the nicotinic AChR agonist DMPP. B, Under these recording conditions, the effect of 

ATP was not mimicked by the P2Yi and P2 Y2/ 4  receptor agonists, ADP and UTP. C, 

The current-voltage relationship for this ATP activated current reveals inward 

rectification and a reversal potential close to 0 mV. D, The response to 10 pM ATP is 

inhibited by the purinoceptor antagonist PPADS, and recovers slowly on washing out 

the antagonist. E, When recordings were carried out using the perforated patch 

technique, and a K^-based pipette solution, ATP evoked a concentration-dependent 

outward current, which was sometimes preceded by a small inward current.

Electrophysiology was kindly performed by Dr. Philip Dunn at the Autonomic 

Neuroscience Institute.
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Figure 3.5.

Time-course of P2X receptor expression in satellite cell cultures.

A, B, C, D, P2X5 receptor expression on cultures from day 1 to day 7. Staining for 

P2X5 receptor protein was present on satellite cells (A) and myotubes (B). By day 5 

there was no immunoreactivity for P2Xg on unfused cells and expression on 

myotubes was restricted to the tips of the cells (C). There was no staining for P2X5 

on any cell type by day 7 (D). £ , Specific immunostaining of skeletal muscle cells on 

day 1 of culture with anti-P2X; antibody was abolished after pre-absorption of the 

antibody with P2Xs peptide. F, G, H, I, P2Xz receptor expression on cultures from 

day 1 to day 7. There was no immunoreactivity for P2Xz on either unftised cells or 

myotubes until day 5 (H). Receptor expression was maintained on day 7 cultures (I). 

On both day 5 and 7 staining for P2Xi was uneven, with clusters of high expression 

present across the membrane. J, Specific immunostaining of skeletal muscle cells on 

day 5 of culture with anti-P2Xz antibody was abolished after pre-absorption of the 

antibody with P2X% peptide. Magnification bars = 100pm.
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Figure 3.6.

Time-course of P2Y receptor expression in satellite cell cultures.

A, B, C, D, P2Yi receptor expression on cultures from day 1 to day 7. Staining for 

P2Yi was present on satellite cells (A, B) and myotubes (B). By day 5 there was no 

immunoreactivity for P2Yi on unfused cells or myotubes (C, D). E, Specific 

immunostaining of skeletal muscle cells on day 1 of culture with anti-P2Yi antibody 

was abolished after pre-absorption of the antibody with P2Yi peptide. F, G, H, I, 

P2Y4 receptor expression on cultures from day 1 to day 7. There was no 

immunoreactivity for P2Y4 on unfused cells (F). Receptor expression began on 

myotubes on day 3 (G). Immunoreactivity for P2Y4 increased on day 5 and day 7 (H, 

I). On day 7 staining for P2Y4 was present on all myotubes and across the whole of 

the cells (I). J, Specific immunostaining o f skeletal muscle cells on day 5 o f culture 

with anti-P2Y4 antibody was abolished after pre-absorption of the antibody with 

P2Y4 peptide. Magnification bars = 100pm.
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Figure 3.7.

P2X5 receptor expression is localised to the ends of myotubes on day 5 cultures.

A, B, Staining for P2Xs on myotubes of day 5 cultures, was restricted to the ends of the 

cells (arrows). This expression pattern occurred whether cells were bi polar (A) or multi

polar (B). Bars -  100 pm
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Figure 3.8.

Co-expression of P2X2 and AChRs demonstrated using confocal microscopy.

A, B, AChR expression was demonstrated on day 5 myotubes by staining cultures with 

Texas Red-labelled a-bungarotoxin. As previously reported, AChRs (red) were present 

in clusters across the myotube membranes. C, D, The same cells were also stained for 

P2X2 (green). Staining for P2X2 was clustered across the myotube membranes. E, F, 

Triple-staining for AChRs (red), P2 X2 receptors (green) and DAPI (nuclear stain, blue) 

demonstrated co-localisation of AChRs and P2 X2 receptors on myotubes (yellow). 

However, there were also areas of myotube membrane positive only for AChRs (E, F, 

arrow) or P2 X2 receptors (E, F, arrowhead). Bars = 50 pm.
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Electrophysiology was kindly performed by Dr. Philip Dunn at the Autonomic 

Neuroscience Institute.
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Figure 3.9.

Patch clamp recording from myotubes.

A, Application of ATP to small myotubes voltage clamped at -60 mV using a Cs -̂ 

based electrode solution, produced a small rapidly activating inward current. A much 

larger current was produced by the nicotinic AChR agonist DMPP. B, The effect of 

ATP was not mimicked by the P2Y receptor agonists, UTP and ADP, even when 

applied at higher concentrations. C, The concentration response curve for the inward 

current activated by ATP. Fitting the data with the Hill equation gave an E C 5 0  of 2.25 

± 0.05 pM. D, W hen myotubes were voltage-clamped using the perforated patch 

technique and a K ̂ -based pipette solution, ATP evoked a concentration dependent 

PUtWSrd current, whicb was often preceded by a much smaller inward current
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Figure 3.10.

Antagonist sensitivity of the ATP activated inward current in myotubes.

A, Concentration effect curve for inhibition of the response to 10 pM ATP by suramin. 

Points represent the mean ± SEM from 3-5 cells. Fitting the data to the Hill equation 

gave an IC50 value of 3 ± 0.8 pM. B, Concentration effect curve for the inhibition of the 

response to 10 pM ATP by Reactive Blue 2. Points represent the mean ± SEM from 4 

cells. Fitting the data to the Hill equation gave an IC50 of 0.97 ± 0.19 pM. C, Time- 

course for the inhibition of the ATP response by PPADS. Responses to ATP (10 pM) 

were recorded at various time points during the application of 0.1 pM PPADS, and 

following washout of the antagonist. Points represent the mean ± SEM from 3 

myotubes.

Electrophysiology was kindly performed by Dr. Philip Dunn at the Autonomic 

Neurosdence Institute.



NORMALISED RESPONSES
o 00

00
O '

i .
3 .

NO RM A LISED  R E S P O N S E S

X

I

I
o "

N O RM A LISED  R E S P O N S E S

I



Table 3.2.

Summary of the expression of P2 receptors on satellite cells and myotubes during 

rat myotube formation and maturation in primary culture.

P2 receptors are expressed sequentially: P2Yi and P2Xg were expressed first, followed 

by P2 Y4 and P2X2. Activated satellite cells expressed only the P2Yi and P2Xs receptors. 

These receptors were also transiently expressed on myotubes. However, by day 5 there 

was no expression of P2Y% on any cell type and P2X5 receptor expression was restricted 

to the tips of myotubes. On day 7, myotubes expressed only P2 Y4 and P2X2. Note that 

there were no myotubes present in cultures on day 1.
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DISCUSSION

Kolb and Wakelam's (1983) demonstration of the transmitter-like effects of ATP 

on chick skeletal muscle cultures prompted a number of pharmacological studies on the 

effects of ATP and other nucleotides on myotubes (Haggblad and Heilbronn, 1988; 

Hume and Thomas, 1988; Thomas and Hume, 1990a; 1990b; Henning et al., 1992; 

Henning et al., 1993a; 1993b). However, prior to this study, the purinoceptor subtypes 

present on skeletal satellite cells were not known, and the expression of purinoceptor 

mRNA and protein on both satellite cells and myotubes had not been investigated. In 

this chapter, expression of four purinoceptors, P2Yi, P2 Y4, P2X2 and P2Xs, was 

demonstrated during myotube formation and maturation in vitro. P2X and P2Y receptors 

were expressed on both satellite cells and myotubes in a clear temporal sequence. The 

P2Yi and P2Xs receptors were expressed first, followed by P2 Y4 and P2 X2. The 

expression of P2 Y4 receptor on skeletal muscle cells has never previously been 

demonstrated in vitro or in vivo.

The differential expression of P2 receptors on satellite cells and myotubes 

suggested that purinergic signalling was involved in multiple steps in muscle formation, 

and that particular receptor subtypes might mediate effects on particular processes in 

muscle formation. The expression of the P2 X5 and P2Y, receptors on satellite cells may 

indicate a role for ATP in the formation of myotubes. Whereas P2X^ and P2Y^ receptor 

expression on myotubes suggests a role for purinergic signalling in the process of 

myotube maturation, including the regulation of AChR function and localisation.

Activated satellite cells expressed P2Xs and P2Yi receptor protein and mRNA 

(Table 3.2). Although, expression of the P2Xs receptor appeared to be predominantly 

cytoplasmic, patch clamp recordings demonstrated responses characteristic of P2X and 

P2Y receptors on ATP application to satellite cells, indicating that functional receptors 

were present. Significantly, the majority of cells tested were responsive to ATP, but not 

DMPP, the AChR agonist. Since the expression of AChRs is indicative of phenotypic
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differentiation, this finding suggests that P2 receptors are expressed on satellite cells 

prior, not only to satellte cell fusion, but also to the commitment of cells to 

differentiation. Furthermore, in the case of P2Xs (but not P2Yi), receptor expression 

could be regulated by serum conditions. Cells maintained in low serum media, which 

promotes myoblast differentiation and fusion, more strongly expressed P2Xs receptor 

protein and mRNA than those maintained in high serum media, which is known to 

promote proliferation (Yaffe and Saxel, 1977; Daniels et al., 2000).

The P2Xs and P2Yi receptors are also expressed during skeletal muscle 

development in vivo. Recent studies have demonstrated the presence of P2Yi and P2Xs 

receptor mRNA in the chick somite and limb bud, prior to the formation of myotubes 

(Meyer et al., 1999a; 1999b; Ruppelt et al., 2001). Similarly a P2X receptor, recently 

cloned from bullfrog skin and homologous to the rat P2Xg receptor, was detected in the 

developing skeletal muscle of bullfrog larvae (Jensik et al., 2001). Thus, these results 

suggest a conserved role for purinergic signalling via P2Yi and, in particular, P2Xs in 

skeletal muscle formation, whether in development or regeneration.

Purinoceptor expression on myotubes in vitro was also very similar to that 

reported during rat and chick skeletal muscle development. Myotubes, whether forming 

in culture or in vivo, expressed a similar subset, sequence and pattern of purinoceptors. 

As in development, immunoreactivity for P2Yi, P2Xg and P2X% was detected on 

myotubes (Meyer et al., 1999b; Chapter 2). Consistent with these findings, patch clamp 

recordings demonstrated responses characteristic of P2X and P2Y receptors. In fact, 

P2 Xô was the only receptor to be expressed on myotubes in development, but not in 

culture. Since receptor mRNA was detected in vitro, this difference might suggest that 

normal translation of P2Xô receptor mRNA depends on innervation, or occurs only in 

development and not in myotube regeneration.

In addition, the expression of P2 Y4 receptor protein on skeletal muscle cells was 

demonstrated in this chapter for the first time. This receptor is activated by UTP and acts 

principally by increasing the formation of inositol-1,4,5-trisphophate (Ralevic and
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Bumstock, 1998). Consequently, expression of this receptor could account for the 

findings of Henning et al. (1992; 1993b) that application of UTP to C2C12 myotubes 

causes an increase in inositol-1,4,5-trisphophate levels.

P2Yi and P2Xs were the first purinoceptors to be expressed on myotubes 

followed by P2 Y4 and finally P2Xz. In the case of P2Yi and P2Xs, receptor expression 

on myotubes was not maintained. Since activated satellite cells are immunopositive for 

both these receptors, transient expression on myotubes might be due to a delay in the 

down-regulation of myoblast-specific proteins after fusion. In vivo, myotubes are formed 

by addition of myoblasts to the ends of the cells (Zhang and McLennan, 1995; Duxson 

and Usson, 1989). Thus, myotube extension by addition of P2Xs-positive myoblasts 

would explain the highly localised expression of P2Xg receptor protein to the tips of 

myotubes, whether formed in vivo (Chapter 2) or in vitro, as observed in this study.

The P2 Y4 and P2Xz receptors were only expressed on myotubes, suggesting that 

ATP acting via these receptors might have effects on myotube maturation. 

Immunoreactivity for the P2 Y4 receptor could be detected homogenously across the 

whole myotube membrane and cytoplasm, whereas the P2Xi receptor was expressed in 

clusters. Although, P2Xs receptor protein was also transiently expressed on myotubes 

making the presence of heteromeric P2X2/ P2Xs receptors possible, the different 

distribution patterns of P2 X2 and P2Xs receptor subunits (localised to the tips of 

myotubes) makes this unlikely.

Double staining experiments demonstrated some co-localisation of P2 X2 and 

AChRs. As previously reported, AChRs were expressed in clusters on the myotube 

membrane and application of the nicotinic agonist, DMPP, produced a large inward 

current. In many cases, receptor clusters contained not only AChRs, but also P2 X2 

receptors. Contrary to a recent study by Choi et al. (2001) on chick myotube cultures, no 

evidence for any co-locahsation of P2Y1 and AChRs on rat myotube cultures was found. 

This difference may reflect inter-species variation.
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Recent studies demonstrate that P2X2 and AChR channels can interact 

functionally, such that co-activation of P2X2 and nicotinic AChRs elicits currents 

significantly smaller than those predicted on the basis of activation of each channel 

separately (Nakazawa, 1994; Brajas-Lopez et al., 1998; Searl et al., 1998; Zhou and 

Galligan, 1998; Khakh et al., 2000). Thus, co-localisation of P2 X2 and AChRs suggests 

that these channels may interact in a similar manner on skeletal myotubes. Aneural 

myotubes express AChRs in clusters across the whole membrane. On innervation in 

vivo, AChRs are redistributed, resulting in a high receptor density at the NMJ and almost 

no receptors extrasynaptically. This process is also accompanied by changes in the 

subunit composition and kinetics of AChRs (for review see Sanes and Lichtman, 2001). 

A number of factors have been implicated in the regulation of AChR expression and 

activity, including ATP (Saji et al., 1975; Akusa et al., 1981; Lu and Smith, 1991; Choi 

et al., 2001). Activation of P2 X2 receptors in extrasynaptic AChR clusters, might 

occlude receptor activation and so facilitate the removal of extrasynaptic receptors from 

the plasma membrane. Thus, purinergic signalling might be involved in the regulation of 

AchR localisation and dynamics.

There is growing evidence that purinergic signalling may play a number of roles 

in skeletal muscle formation, maturation and function. Recent studies demonstrate that 

adenosine and adenine nucleotides can potentiate satellite cell differentiation into 

myotubes (Ryten et al., 2002), increase the expression of AChRs (Choi et al., 2001) and 

regulate insulin-dependent glucose uptake in skeletal muscle (Cheng et al., 2000; Derave 

and Hespel, 1999; Vergauwen et al., 1994). Furthermore, there is increasing evidence to 

suggest that ATP can be released in a variety of ways from skeletal muscle. Not only is 

ATP co-released with ACh from motoneurons (Redman and Silinsky, 1994; Silinsky 

and Redman, 1996) or liberated directly from damaged cells, but it is also released 

during normal muscle activity (Smith, 1991; Cunha and Sebastiao, 1993; Hellsten et al., 

1998).

Thus the results presented in this paper provide further evidence for the 

involvement of purinergic signalling at multiple steps in the formation and maturation of
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skeletal muscle. The sequential expression of the P2Yi, P2Xs, P2 Y4 and P2X2 receptors 

in aneural muscle cultures, demonstrates that purinoceptor expression is part of the 

intrinsic program of muscle formation, and raises the possiblity that purinergic 

signalling is involved in regulating satellite cell activity and myotube maturation.
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CHAPTER 4

ATP REGULATES THE DIFFERENTIATION OF 

MAMMALIAN SKELETAL MUSCLE BY 

ACTIVATION OF A P2Xs RECEPTOR ON 

SATELLITE CELLS

INTRODUCTION

Since skeletal muscle fibres are terminally differentiated, the regeneration of 

skeletal muscle is largely dependent on a small population of resident, quiescent cells, 

termed satellite cells (Perry and Rudnicki, 2000; Seale and Rudnicki, 2000). In response 

to muscle damage, satellite cells proliferate, become committed to differentiation, exit 

the cell cycle and fuse to form multinucleated myotubes. As in muscle development, the 

MyoD family of bHLH transcription factors (MRFs) is required for the commitment and 

differentiation of satellite cells during regeneration. This process is also closely tied to 

cell cycle activity (Lassar et al., 1994; Walsh and Perlman, 1997; Perry and Rudnicki, 

2000). Proliferating skeletal satellite cells express high levels of MyoD and Myf5, but on 

commitment to terminal differentiation these transcription factors are down regulated 

and myogenin expression increases. This is followed by activation of the cell cycle 

arrest protein, p21 and permanent exit from the cell cycle. The differentiation program is 

then completed with the activation of muscle specific proteins, such as skeletal MHC or 

AChRs, and fusion to form multinuclear myotubes (Walsh and Perlman, 1997; Perry and 

Rudnicki, 2000; Seale and Rudnicki, 2000).
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It has long been recognised that the processes of skeletal satellite cell 

proliferation and differentiation are mutually exclusive (Lassar et al., 1994; Walsh and 

Perlman, 1997). Understanding the signalling systems involved in directing these cells 

between proliferation and differentiation is of key importance in developing new 

therapeutic strategies to treat muscle injury and disease. Many factors, including FGFs, 

IGFs and interleukin-6 cytokines, have already been implicated in the control of satellite 

cell activity (Hawke and Garry, 2001). In the case of IGFs and FGFs, the MAPKs have 

been shown to be involved in mediating these effects (Adi et al., 2002; Conejo and 

Lorenzo, 2001; Weyman and Wolfman, 1998; Campbell et al., 1995). In particular, 

extracellular signal-regulated protein kinases (ERK 1/ 2) and p38 MAPK activity has 

been shown to be involved in directing myogenesis. Whereas a number of studies have 

demonstrated the importance of the ERKl/ 2 pathway in myoblast proliferation (Jones et 

al., 2001; Bennett and Tonks, 1997), activation of p38 isoforms has been shown to 

stimulate commitment to differentiation and myotube formation (Chun et al., 2000; Wu 

et al., 2000; Zetser et al., 2001).

In Chapter 3 findings were presented demonstrating the expression of P2X and 

P2Y receptors on rat skeletal muscle satellite cells in primary culture. These receptors 

were expressed prior to phenotypic differentiation of these cells (as judged by sensitivity 

to ACh) and in the case of the P2Xs receptor, expression was regulated by the serum 

conditions in which cells were maintained. Maintaining satellite cells in low serum 

media, which potentiates cell differentiation and myotube formation, also up-regulated 

the expression of the P2Xg receptor mRNA and protein. These findings strongly 

suggested that extracellular nucleotides acting via P2 receptors might be involved in 

regulating the proliferation or differentiation of satellite cells.

In this chapter, primary cultures of neonatal, rat, skeletal muscle satellite cells 

were used to study the role of purinergic signalling in muscle regeneration. The effect of 

extracellular nucleotides on satellite cell proliferation, commitment to differentiation and 

fusion were all examined using a variety of assays. Furthermore, the potential
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intracellular signalling systems involved in mediating the effects of ATP on satellite cell 

activity were also investigated.
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METHODS AND MATERIALS

Tissue culture

Primary cultures of skeletal muscle satellite cells were prepared as described in 

Chapter 3 (Methods and Materials, Tissue culture). Cells were plated at 1 x 10"̂  cells/ 

cm^ (unless otherwise stated) on laminin-coated coverslips or plasticware as appropriate. 

Cells were maintained in GM (DMEM supplemented with 10% PCS and 10% NHS) or 

DM (DMEM supplemented with 5% NHS), at 37°C and 5% CO2. Freshly isolated cells 

were used for each experiment.

Drugs applied

ATP, ADP, UTP, a-P-meATP (lithium salt). Reactive Blue 2, S-(p-sulfophenyl)- 

theophylline and 3,3’-methylene-bis-(4-hydroxy-coumarin) (dicumarol) were purchased 

from Sigma, UK. PPADS (tetrasodium salt) was supplied by Tocris Cookson Ltd 

(Bristol, UK). The MAPK inhibitors, PD98059, U0126 and SB203580 were purchased 

from Calbiochem (UK) and dissolved in dimethyl sulfoxide (DMSO) at stock 

concentrations of 10 mM.
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Cell Counting

Cell number was assessed directly, after trypsin treatment, by staining with 

trypan blue for viability and counting using a haemocytometer, or indirectly by DNA 

quantification.

DNA was quantified using a protocol based on the FluoReporter® Blue 

Fluorometric double stranded DNA (dsDNA) Quantification kit (Molecular Probes, 

Netherlands), which analyses total cellular DNA with the blue-fluorescent ‘Hoechst 

33258’ nucleic acid stain. The bisbenzimidazole derivative, ‘Hoechst 33258’ exhibits 

fluorescence enhancement on binding to A-T rich regions of dsDNA, which is marked 

under high ionic strength conditions. The procedure is rapid, and all manipulations can 

be carried out in microplate wells on cells lysed by freezing in distilled water.

Primary satellite cells cultured and treated in 48-well plates were treated 

according to the manufacturer’s protocol for FluoReporter® Blue Fluorometric dsDNA 

Quantification (Molecular Probes, Netherlands), Briefly, plates were emptied at the 

desired end-points by overturning onto paper towels, stored at -80°C (up to 4 weeks), 

and thawed to room temperature. Distilled water (450 pi) was then added to each well, 

incubated at 37°C for 1 hour, placed at -80°C until frozen, and then thawed to room 

temperature. Aqueous Hoechst 33258 (stock solution 5 mg/ ml in 20% DMSO (v/v)), 

diluted 1:500 in TNE buffer (10 mM Tris, 2 M NaCl, 1 mM EDTA, pH 7,4) was then 

added to each well (450 pi). Fluorescence, using excitation and emission filters centred 

at 360 nm and 460 nm, respectively, was measured on a fluorescence plate reader. To 

obtain a standard curve, a titration of known amounts of calf thymus DNA (stock 

solution 10 pg/ ml) (Sigma, UK), diluted in TE buffer (10 mM Tris, 2 M NaCl, 1 mM 

EDTA, pH 7,4) to a range of 0 -2500 ng DNA, was performed using the same protocol, 

A linear regression curve was fit to the values (regression coefficient 0,979) (using 

‘Sigma Plot’ version 1,0, Jandel Scientific), and DNA concentrations for experimental 

values were interpolated. The standard curve is shown in Fig. 4.1,
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4.1. Standard curve for DNA quantification using Hoechst 33258 dye.
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Fluorescence values were plotted against known amounts of calf thymus DNA (0 - 2500 ng), and a linear 

regression curve was fit to the values using ‘Sigma Plot’.

MHC expression

Skeletal satellite cells were plated at a density of 1 x 10"̂  cells/ cm^ on laminin- 

coated glass coverslips or laminin-coated 8-well LabTek chamberslides (Nunc Life 

Technologies, UK) and maintained in DM overnight. After treatment, cells were fixed in 

4% paraformaldehyde for 20 minutes. After washing in PBS, cells were permeabilised 

and non-specific binding sites blocked using 10% NHS 4- 0.2% Triton X-100 in PBS. 

Fixed cells were incubated with MF20 (hybridoma supernatant) (University of Iowa 

Developmental Studies Hybridoma Bank, USA) diluted 1:100 in 10% NHS + 0.2% 

Triton X-100 in PBS, overnight at room temperature. After washing in PBS, cells were 

incubated with donkey anti-rabbit Cy3 (Stratech Scientific, UK), diluted 1:500 in 1% 

NHS in PBS for 1 hour at 37°C. In some cases, cell nuclei were also stained by 

incubation with DAPI (Sigma, UK) at 0.6 pg/ ml in PBS for 1 hour at room temperature.
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The number of cells positive for MHC was assessed by counting the number of 

immunoreactive cells in five random fields on three separate coverslips for each 

treatment.

Myotube assay

Skeletal satellite cells were plated at a density of 5 x 10"̂  cells/ cm^ on laminin- 

coated glass coverslips and maintained in GM overnight. After treatment for 24 hours 

cells were fixed in 4% paraformaldehyde for 20 minutes. After washing in PBS, cells 

were permeabilised and non-specific binding sites blocked using 10% NHS + 0.2% 

Triton X-100 in PBS. Fixed cells were incubated with MF20 (hybridoma supernatant) 

(University of Iowa Developmental Studies Hybridoma Bank, USA) diluted 1:100 in 

10% NHS + 0.2% Triton X-100 in PBS, overnight at room temperature. After washing 

in PBS, cells were incubated with donkey anti-rabbit Cy3 (Stratech Scientific, UK), 

diluted 1:500 in 1% NHS in PBS for 1 hour at 37°C. Cell nuclei were also stained by 

incubation with DAPI (Sigma, UK) at 0.6 |Xg/ ml in PBS for 1 hour at room temperature. 

Myotubes, identified as MF20-positive cells containing three or more nuclei, were 

scored for five random fields on three separate coverslips for each treatment.

Data analysis

Cell/ myotube number was expressed as a percentage of that at time zero or as a 

percentage of the cell/ myotube number in the untreated, control wells after the same 

time in culture. Each experiment was conducted at least three times with separate cell 

preparations. Test and control cultures were run in parallel on each occasion. 

Differences in cell/ myotube number were assessed for significance using a paired, two- 

tailed Student’s t-Test.
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Bromodeoxy-uridine (BrdU) incorporation assay

Skeletal satellite cells were plated at a density of 1 x 10"̂  cells/ cm^ on laminin- 

coated glass coverslips and maintained in DM overnight. Cells were then treated with 

ATP and maintained for 12 hours, prior to addition of BrdU (at a concentration of 50 

pM). After a further 12 hours, coverslips were washed with PBS to remove non

adherent cells and the remaining cells fixed with 95% ethanol. Cells were treated with 

2M hydrochloric acid (HCl), washed with PBS and incubated with 10% NGS 4- 0.2% 

Triton X-100 in PBS for 1 hour. The cells were then incubated with mouse anti-BrdU 

antibody, 1:1000 in 10% NGS in PBS (Sigma, UK) overnight and staining visualised 

using Oregon green-labelled goat anti-mouse secondary antibody (Stratech Scientific, 

UK). Nuclei were stained using DAPI. The percentage of proliferating cells (nuclei 

immunopostive for BrdU / nuclei staining for DAPI) was scored for five random fields 

on three separate coverslips for each treatment.

RT-PCR

Total RNA was extracted from skeletal satellite cells using the SV Total RNA 

Isolation System as described in Chapter 3 (Methods and Materials, Total RNA 

preparation) (Promega, UK). RT-PCR was performed using Ready-to-Go RT-PCR 

beads (Amersham, UK). Reverse transcription was performed using the Moloney murine 

leukaemia virus reverse transcriptase. Primer sequences for p21 (Wong et al., 2000), 

myogenin (Ogilvie et al., 2000) and 16S (Ogilvie et al., 2000) were used for 

amplification reactions (see Table 4.1). The amplification reaction, performed in the 

same reaction tube, was conducted under the following conditions: 95°C for 30 seconds, 

the relevant annealing temperature for 30 seconds, and 72°C for 1 minute, plus an 

additional cycle with an elongation time of 5 minutes. To normalise mRNA levels 

between samples, PCR reactions were performed for 16S (ribosomal protein). 

Amplification products were separated by electrophoresis and visualised by ethidium 

bromide staining. According to densitometric analysis of the PCR products (BioRad 

Multi-Imager software), sample loading was adjusted for subsequent PCR reactions for
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p21 and myogenin. The presence of possible contaminants was investigated in all 

experiments, using control RT-PCR reactions in which, either mRNA had been omitted, 

or the reverse transcriptase had been inactivated by heating to 95°C.

Table 4.1. Specific primer sets for myogenin, p21 and 16S.

Nam e S e q u e n c e  (S' - 3') No. of 

b a s e  p a irs

A nnealing R eferen ce  

T em p. “0

Myogenin 8  -AGGAGAGAAAGATGGAGTCCAGAG 

AS-TAACAAAAGAAGTCACCCCAAGAG

430 65 Ogilvie e t al. (2000)

p21 8  -ATGTCCAATCCTGGTGATGT 

A8-TGCAGCAGGGCAGAGGAAGT

301 61 W ong et ai., (2000)

16S 8  - C 1G G A G C C IG 1 I 1 I'GC I 1C I'G 

A8-TGAGATGGACTGTCGGATGG

113 61 Ogilvie e t ai. (2000)

Protein preparation and Western blotting for the MAPK proteins

Cells were plated at a density of 1 x 10"̂  cells/ cm^ on laminin-coated dishes and 

maintained in DM overnight. Cells were then treated with 100 pM ATP for time periods 

ranging from 0 minutes to 24 hours. After treatment with ATP, cells were quickly rinsed 

twice with ice-cold PBS, collected in PBS and pelleted by centrifugation. Cells were 

then lysed in a buffer containing 20 mM Tris pH 7.0, 0.27 M sucrose, 1 mM 

ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol-bis(b-aminoethyl ether)- 

N,N,N’,N’-tetraacetic acid (EOTA), 50 mM sodium fluoride, 1 mM oL-dithiothreitol 

(DTT), 1 mM sodium orthovanadate, 10 mM sodium P-glycerophosphate, 1% Triton X- 

100, 1 pg/ ml pepstatin A, 4 pM leupeptin, 30 pi/ ml aprotinin and 0.1 mg/ ml 4-(2- 

aminoethyl)-benzenesulfonyl fluoride (AEBSF) (Calbiochem, USA) for 20 minutes on 

ice. The resulting homogenate was centrifuged and the protein concentration of the 

supernatant was determined using the modified Lowry procedure (Peterson, 1983).
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Samples containing equal amounts of protein were subjected to SDS-PAGE 

using 11% acrylamide and transferred to nitrocellulose filters. Filters were incubated 

with a blocking solution containing 20 mM Tris pH 7.7, 137 mM NaCl, 0.1% Tween 20 

(TTBS) and 5% non-fat dry milk for 1 hour at room temperature, rinsed in TTBS, and 

then incubated for 1 hour at room temperature with specific primary antibodies. The 

antibodies used were all diluted in 5% bovine serum albumin in TTBS at the following 

concentrations: rabbit anti-ERK 1/ 2, 1:5000 (Cell Signaling Technology, USA); rabbit 

anti-phospho-ERK 1/ 2, 1:2000 (Santa Cruz Biotechnology, USA); rabbit anti-p38, 

1:1000 (Cell Signaling, USA); and mouse anti-phospho-p38, 1:1000 (Cell Signaling, 

USA). After three rinses in TTBS, filters were incubated for 1 hour at room temperature 

with peroxidase-conjugated anti-rabbit or anti-mouse IgG diluted in TTBS (1: 20,000 or 

1:10,000 respectively) (Amersham Life Sciences, USA). Filters were washed three times 

in TTBS, and proteins were detected by enhanced chemiluminescence (Amersham Life 

Sciences, USA). Results were analysed using densitometry (BioRad Multi-Imager 

software).
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RESULTS

ATP can inhibit satellite cell proliferation under differentiating (low 

serum) conditions

It is well recognised that satellite cell differentiation is potentiated by transferring 

cells from high serum (growth media, GM) to low serum (differentiation media, DM) 

(Yaffe and Saxel, 1977; Daniels et al., 2000). The effect of ATP on cell proliferation 

was determined for cells plated at low density (to prevent myotube formation) and 

maintained under both conditions (GM and DM). Although cells proliferated more 

slowly in DM, as compared with GM, under both conditions the cell number increased 

significantly after 24 hours (DM, 140% ± 10.0%; GM, 404% ± 10.5% of cell number on 

plating). At a concentration of 10-100 |xM, ATP significantly inhibited (P < 5%) the 

expected increase in the number of satellite cells. At 24 hours ATP reduced the total 

number of cells present to 67.1% ± 4.3% of that seen in untreated cultures (Fig. 4.2 A, 

red). However, ATP had no significant effect on cells maintained in GM (Fig. 4.2 A, 

black). ATP acted in a concentration-dependent manner and completely inhibited the 

expected increase in cell number (even after 72 hours) when applied at a maximal 

concentration of 500 pM (Fig. 4.2 B). However, at no point did addition of ATP, at any 

concentration, result in a fall in cell number below that at plating (i.e. 100% in Fig. 4.2 

B). This suggests that ATP did not cause cell death, but inhibited cell proliferation. This 

interpretation was confirmed using BrdU incorporation studies (Fig. 4.3). Addition of 

100 pM ATP resulted in a 35% ± 4.5% reduction (as compared to control) in the 

percentage of cells staining for BrdU, indicating that cells exposed to ATP had a reduced 

proliferation rate (Fig. 4.3 A, B).
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The effect of ATP on satellite cell proliferation at 24 hours cannot be 

replicated by ADP, UTP or adenosine and is inhibited by PPADS

In order to determine which receptors were involved in mediating the effect of 

ATP on satellite cell proliferation, a variety of agonists and antagonists were applied, 

each specific to a different range of purinoceptors. ATP, ADP, UTP and a-P-methylene 

ATP were applied to cells (maintained in DM) at 1-100 pM concentrations. ATP 

significantly inhibited cell proliferation, whereas the P2Y receptor agonists, ADP, an 

agonist at P2Yi and P2Yu receptors (Ralevic and Bumstock, 1998), and UTP an agonist 

at P2 Y2, P2 Y4 and P2Yg receptors (Ralevic and Bumstock, 1998), did not inhibit cell 

proliferation (Fig. 4.4 A). In fact, UTP significantly increased the cell number (Fig. 4.4 

A). The P2Xi and P2Xs selective agonist, a-p-methylene ATP, had no effect on cell 

number (Fig. 4.4 A).

ATP can be hydrolysed to adenosine and this is also an important signalling 

molecule. Consequently, the effect of adenosine was tested at 1-100 pM concentrations 

on satellite cell number (Fig. 4.4 A). Unlike ATP, adenosine application did not reduce 

cell number at 24 hours. However, when adenosine was applied for 72 hours at a 

concentration of 100 pM, a greater concentration than required to demonstrate an ATP 

effect, a reduction in proliferation was observed (Fig. 4.4 B). This adenosine effect (100 

pM) was inhibited by 8-(p-sulfophenyl)-theophylline (8-SPT) (30 pM), but not 

dipyridamole, suggesting that this effect was due to activation of a PI receptor and not 

secondary to the uptake of adenosine (Fig. 4.4 B).

The anti-proliferative activity of ATP measured at 24 hours could not be 

inhibited by the P2 receptor antagonist Reactive Blue 2 (RB2) (pre-applied for 20 

minutes at 50 pM), but was fully inhibited by PPADS (pre-applied for 20 minutes at 10 

pM) (Fig. 4.5 B). At 72 hours, the effect of ATP was only partially inhibited by this 

antagonist.
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ATP application increased the expression of markers of terminal 

differentiation and these effects could be inhibited by pre-application of 

the purinoceptor antagonist PPADS

Since the processes of skeletal satellite cell proliferation and differentiation are 

mutually exclusive (Lassar et ah, 1994; Walsh and Perlman, 1997), ATP might be 

expected not only to inhibit satellite cell proliferation, but also potentiate differentiation. 

Addition of 100 tiM ATP increased the expression of myogenin and p21, as judged by 

semi-quantitative RT-PCR (Fig. 4.6 A). Pre-application of 10 |liM PPADS for 20 

minutes inhibited this effect (Fig. 4.6 A). Increased expression of p21 by skeletal muscle 

satellite cells would be expected to result in irreversible cell cycle exit, such that 

removal of ATP would not rescue cells. In fact it was found that treatment of satellite 

cell cultures with 100 |iM ATP for only 1 minute (Fig. 4.6 B), was sufficient to cause a 

significant reduction in cell number at 72 hours (28.8% ± 3.2%, P < 5%). Pre

application of PPADS (red), but not 8-SPT inhibited this effect (Fig. 4.6 B), confirming 

that the effects of ATP are due primarily to P2 and not PI receptor activity. Furthermore, 

ATP application significantly increased (P < 5%) the number of cells expressing MHC 

(194.3% ± 14.6% when 100 pM ATP applied for 24 hours) (Fig. 4.7) and the number of 

myotubes formed in 24 hours (Fig. 4.8 A, B) (201% ± 12.1% when 50 pM ATP 

applied). The increased MHC expression produced by ATP (100 pM) could be inhibited 

by pre-application of PPADS (10 pM), but not RB2 (50 pM).
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ATP application increased the phosphorylation of p38 and ERK 1/ 2.

MAPK signalling cascades have been implicated in the regulation of 

myogenesis. Whereas the ERKs have been implicated in myoblast proliferation (Bennett 

and Tonks, 1997; Jones et al., 2001), the p38 pathway has been implicated in myoblast 

differentiation (Zetser et al., 1999; Chun et al., 2000; Wu et al., 2000). Antibodies 

specific for the active (phosphorylated) and inactive (non-phosphorylated) forms of the 

p38 and ERK 1/ 2 proteins were used to assess these signalling pathways at a range of 

time points (Fig. 4.9).

Consistent with previous studies (Zetser et al., 1999; Wu et al., 2000), it was 

found that maintaining cells in DM in itself (without the application of ATP) had 

significant effects on the p38 MAPK pathway. Even in untreated cultures, the levels of 

phosphorylated p38 significantly (P < 5%) increased when cultures were maintained in 

DM for > 24 hours (7.2 ±1.9 fold increase in p38 phosphorylation at 24 hours relative to 

time zero). However, as reported by Wu et al. (2000), no significant difference in ERK 

1/ 2 phosphorylation relative to time zero (when cells were maintained in DM for 24 

hours) was found (2.0 ± 0.8 fold increase in ERK 1 phosphorylation at 24 hours).

Despite the basal activities of the MAPK pathways, it was found that treatment 

with ATP caused a rapid and significant increase in the levels of phosphorylated p38 and 

ERK 1/ 2. Application of 100 pM ATP to cultures maintained in DM caused a 

significant increase (P < 5%) in p38 phosphorylation at 5 and 10 minutes (6.9 ± 0.9 and 

11.0 ± 1.4 fold increase in p38 phosphorylation at 5 and 10 minutes, respectively, 

relative to time zero) (Fig. 4.9 A, B). Similar, but less dramatic changes were also seen 

with ERK 1/ 2 phosphorylation. The fold increases in ERK 1/ 2 were 4.5 ±1.0 and 6.5 ± 

1.8, respectively at 10 minutes (Fig. 4.9 A, B). These effects were transient, such that 1 

hour after application, there was no difference in p38 or ERK 1/ 2 phosphorylation 

between treated and untreated cultures (Fig. 4.9 A). After 3 hours, cultures treated with 

ATP had levels of p38 phosphorylation, which were not significantly different from the 

levels of p38 phosphorylation in untreated cultures after 1 or 24 hours (Fig. 4.9 A).
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Inhibition of p38 activity prevented the A TP-dependent reduction in 

cell proliferation.

In order to determine whether the trophic effects of ATP were dependent on 

activation of MAPK signalling pathways a variety of specific inhibitors of MAPK 

activity were used. It was found that application of specific inhibitors of MEKl 

(responsible for ERK activation), PD95809 and U0I26 (Alessi et al., 1995; Favata et 

al., 1998), resulted in a decrease in cell number (Fig. 4.10). This effect was greater on 

cells maintained in GM, than cells maintained in DM. At 24 hours U0126 (10 pM) 

reduced the total number of cells present to 65.16% ± 4.01% of that seen on untreated 

cultures, when cells were maintained in GM, as compared to 88.27% ±1.64%, when 

cells were maintained in DM (Fig. 4.10). In contrast SB203580, the specific inhibitor of 

p38a and p38P MAPKs (Lee at al., 1994; Cuenda et al., 1995), had no significant effect 

on cell number when cells were maintained in either GM or DM (Fig. 4.10).

These inhibitors were also tested for their ability to prevent the effects of ATP on 

satellite cells (Fig. 4.11). As previously demonstrated, ATP caused a significant 

reduction in cell number at 24 hours when applied at concentrations of 10-100 pM. The 

effect of 10 |xM ATP on cell number (61.90% ± 3.15% of that seen on untreated 

cultures) was completely inhibited by pre-application of SB203580 (Fig. 4.11), but not 

by pre-application of PD98059 (50 pM), U0126 (10 pM) or dicumarol (a specific 

inhibitor of INK activity, when applied at a concentration of 100 pM) (Cross et al., 

1999; Krause et al., 2001) (Fig. 4.11). Similarly only SB203580 inhibited the effects of 

100 pM ATP at 24 hours. In this case the effects of ATP on cell number were partially 

inhibited (Fig. 4.11).
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Figure 4.2.

ATP inhibits the expected increase in satellite cell number.

A, ATP significantly reduced (P < 5%) the number of satellite cells when maintained in 

DM (red) for 24 hours (by 32.9% ± 4.3%, when ATP was applied at 100 pM), but had 

no significant effect on cells maintained in GM (black). B, ATP was applied to cells 

maintained in DM and cell number assessed 24, 48 and 72 hours after application. At all 

three time points, ATP at concentrations of 50-500 pM reduced the number of cells. 

However, at no point did ATP cause a reduction in cell number below that at plating (ie. 

100%). Values significantly different from respective controls are denoted by * (P < 

5%).
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Figure 4.3

ATP inhibits satellite cell proliferation.

A, BrdU immunostaining (green) demonstrated cell proliferation in control cultures (24 

hours). B, Application of 100 pM ATP for 24 hours significantly (P < 5%) reduced the 

proportion of BrdU-positive cells. C, D, Similar numbers of cells were present in control 

and ATP-treated cultures (DAPl staining, blue). Bar = 100 pm.
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Figure 4.4.

Application of adenosine, ADP, UTP or cx, P-methylene ATP does not replicate the 

inhibitory effect of ATP on satellite cell proliferation.

A, The inhibitory effect of ATP on cell number at 24 hours was not replicated by 

adenosine, ADP, UTP or a , P-methylene ATP. In fact, UTP significantly increased cell 

number. Values significantly different from control (P < 5%) are denoted by *. B, 

Application of 100 pM adenosine (Ad) resulted in a significant (P < 5%) reduction in 

cell number at 72 hours. This could be inhibited by pre-application of the PI receptor 

antagonist, 8-(p-sulfophenyl)-theophylline (8SPT) (30 pM). Values significantly 

different from control (P < 5%) are denoted by *.
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Figure 4.5.

PPADS inhibits the effect of ATP on cell number at 24 hours.

Pre-application of PPADS (10 pM) for 20 minutes, but not RB2 (50 pM) completely 

inhibited the effect of ATP at 24 hours. PPADS produced a partial inhibition at 72 hours, 

probably due to the break down o f ATP to adenosine and subsequent activation of a PI 

receptor. Values significantly different from ATP application alone on respective days (P 

< 5%) are denoted by *.
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Figure 4.6.

Treatm ent of satellite cells with ATP increases the expression of m arkers of 

commitment to differentiation.

A, Semi-quantitative RT-PCR demonstrated increased expression of myogenin and p21 

mRNA in cells treated with lOOpM ATP for 24 hours. Pre-application of PPADS 

inhibited the increase of both myogenin and p21. The ribosomal protein, 16S was used as 

an internal control. B, Application of lOOpMATP for 1 minute, followed by replacement 

with fresh media without ATP, was sufficient to cause a significant (P < 5%) reduction in 

cell number (of 28.8% +/- 3.2% compared with untreated controls) at 72 hours. This 

effect could be fully inhibited by PPADS (10 pM),but not 8-(p-sulfbpheny 1 )-theophy 11 ine 

(8-SPT) (30 pM).
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Figure 4.7.

Treatment of satellite cells with ATP increases the expression of myosin heavy chain 

(MHC).

ATP application for 24 hours caused a concentration-dependent increase in the number of 

cells positive for MHC. The effect of ATP (100 pM) could be inhibited by pre-application 

of PPADS (10 pM for 20 minutes), but not RB2 (50 pM). Values significantly different 

from control (P < 5%) are denoted by *.
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Figure 4.8.

Treatment of satellite cells with ATP increases myotube formation.

A, Treatment of confluent cultures with 0.05 jiM-SO [iM ATP for 24 hours resulted in a 

concentration-dependent increase in myotube formation. Above a concentration of 50 

|aM, the strong anti-proliferative effect of ATP and consequent reduction in cell density 

reduced the number of myotubes formed. Values significantly different from control (P 

< 5%) are denoted by *. B, Treatment of confluent cultures with 50 |iM ATP for 24 

hours resulted in significantly increased (P < 5%) numbers of myotubes (201% ± 12.1%) 

(arrowheads). Myotubes are visible in cultures stained with DAPI for nuclei (blue) and 

skeletal myosin (red), as multinuclear cells, strongly immunopositive for myosin. Bar = 

200 pm.
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Figure 4.9.

ATP application to satellite ceils causes a rapid and transient increase in 

phosphorylation of p38 and ERK 1/ 2.

A, Western blotting demonstrated that application of 100 pM ATP caused an increase in 

the levels of phosphorylated p38 and ERK 1/ 2. Relative to time zero, ATP caused a 

significant (P < 5%) increase in the levels of ERK 1/ phosphorylation at 1, 5 and 10 

minutes, but not 30 minutes. Similarly, ATP caused a significant increase in the levels of 

phosphorylated p38 at 5 and 10 minutes, but not 30 minutes. In both cases, the peak of 

phosphorylation was at 10 minutes and the effect of ATP was transient. Consequently 

there was no significant difference in the levels of phosphorylated p38 and ERK 1/ 2 in 

treated and control cultures 1 hour after ATP application. It should also be noted that in 

untreated cultures, the levels of phosphorylated p38 had significantly increased at 1 hour 

and 24 hours, but there was no significant change in the level of ERK 1/ 2 

phosphorylation over the same time period. ATP did not have any effect on the levels of 

total p38 or ERK 1/ 2. Representative Western blots are shown from one set of treated 

cells. B, The levels of phosphorylated p38, ERK 1 and ERK 2 from three independent 

experiments were analysed using densitometry and plotted as fold increases in 

phosphorylated protein, compared with the levels at time zero. Phosphorylated p38 is 

plotted in red, ERK 1 in blue and ERK 2 in green.

Western blot experiments were performed by Mina Ryten in Professor Neary’s 

laboratory (University of Miami).
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Figure 4.10.

Inhibitors of the MAPK pathways have effects on satellite cell number.

PD98059 (50 pM),U0126 (lOpM)and SB203580 (10 pM)were applied to satellite cells, 

maintained in GM or DM for 12-16 hours, the medium changed and ceil number assessed 

at 24 hours. Inhibitors of ERK 1/2 activation (PD 98059 and U0126) caused a significant 

reduction (P < 5%) in cell number, when cells were maintained in GM or DM. This effect 

was greater on cells maintained in GM, than those in DM. Application of U0126 caused a 

34.84% +/- 4.01% decrease in cell number at 24 hours, when cells were maintained in 

GM, as compared with an 11.73%+/- 1.64% decrease, when cells were maintained in 

DM. SB203580 application had no significant effect on cell number when cells were 

maintained in GM or DM. Values significantly different from the relevant control (DM or 

GM) (P < 5%) are denoted by *.
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Figure 4.11.

Only SB203580, the inhibitor of p38a and p38P activation, blocked the effects of 

ATP on satellite cell number.

Inhibitors of the ERK 1/ 2, p38 and INK MAPK signaling pathways (PD98059, U0126, 

SB203580 and dicumarol) were tested for their ability to inhibit the effect of ATP on 

satellite cell number. PD98059 (50 pM), U0126 (10 pM), dicumarol (100 pM) and 

SB203580 (10 pM) were pre-applied for 30 minutes in the case of PD98059 and U0126, 

and 1 hour in the case of dicumarol and SB203580, prior to application of ATP. As 

previously demonstrated application of 10 or 100 pM ATP caused a significant 

reduction in cell number. These effects were not inhibited by PD98059, U0126 or 

dicumarol. However, SB203580 an inhibitor of p38a and p38P activation completely 

prevented the effect of 10 pM ATP and partially prevented the effect of 100 pM ATP. 

Values significantly different from control (P < 5%) are denoted by *.
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DISCUSSION

Although Kolb and Wakelam's (1983) demonstration of the transmitter-like 

effects of ATP on chick skeletal muscle cultures prompted a number of studies on the 

effects of ATP and other nucleotides on myotubes, there has been little further research 

on myoblasts, whether embryonic or derived from satellite cells. In this chapter primary 

cultures of rat skeletal muscle satellite cells were used to demonstrate that activation of 

P2 receptors can regulate muscle formation. ATP acts on cells maintained in low serum 

conditions to inhibit proliferation and potentiate the expression of markers of 

differentiation including myogenin and p21. Surprisingly it was found that these effects 

were mediated by an ionotropic P2X receptor, containing the P2Xs receptor subunit and 

involved activation of the MAPK signalling cascades.

Primary rat skeletal satellite cells in vitro proliferate, commit to differentiation 

and fuse to form myotubes in a manner analogous to muscle formation in vivo. This has 

allowed the effects of ATP on skeletal muscle regeneration to be investigated in an 

easily accessible and well-characterised system. Using this model, ATP was found to 

have significant effects on satellite cell activity. Application of 100 |xM ATP increased 

the expression of myogenin and the cell cycle arrest protein p21 at 24 hours and these 

effects could be blocked using PPADS. Expression of these nuclear proteins has been 

shown to be necessary for terminal differentiation of myoblasts. Myogenin-null mice, in 

accordance with the appearance of myogenin at the onset of differentiation, die 

perinatally due to a severe deficiency of differentiated muscle fibres (Hasty et al., 1993; 

Nabeshima et al., 1993). As would be expected, up-regulation of these transcription 

factors by ATP: i) potentiated terminal differentiation of satellite cells, as judged by the 

expression of MHC and myotube formation; and ii) inhibited satellite cell proliferation. 

Consistent with evidence that ATP increased expression of p21, it was found that the 

effect of ATP was irreversible. Incubating cells with media containing 100 piM ATP for 

1 minute, followed by replacement with fresh medium still produced a significant 

reduction in cell number.
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The anti-proliferative effects of ATP at 24 hours could not be replicated by 

application of adenosine, ADP, UTP or a-p-methylene ATP and were inhibited by 

PPADS, but not RB2. Although, PPADS is effective at P2Yi receptors (Schachter et al., 

1996; Schachter et al., 1997), since ADP (a P2Yi receptor agonist) had no effect on cell 

number, this receptor is unlikely to be involved. Therefore antagonism by PPADS would 

implicate a P2X receptor (P2Xi, P2X%, P2Xs or P2Xs) (Lambrecht, 2000). The fact that 

the P2Xi- and P2Xs-selective agonist, a-p-methylene ATP, was found to have no 

significant effect on cell number suggests that the receptor involved contained the P2X2 

or P2Xs receptor subunits. However, RB2 an antagonist at the P2X2, but not the P2Xg 

receptor subunit (King et al., 1997; Wildman et al., 2002), could not inhibit the effects of 

ATP on cell number. Therefore, although the possibility of a novel, yet to be cloned 

receptor cannot be ruled out, this data points strongly to the involvement of the P2Xs 

receptor.

P2Y receptors are also known to be present in skeletal muscle (Parr et al., 1994; 

Meyer et al., 1999a; Choi et al., 2001) and the increase in cell number on UTP 

application could be explained by activation of a P2Y2 or P2 Y4 receptor. Since 

prolonged application of adenosine produced a significant reduction in cell number, 

which could be inhibited by pre-application of the PI antagonist, 8-SPT, the presence of 

a PI receptor was also demonstrated. However, the effect of ATP applied for 1 minute, 

could only be inhibited by pre-application of PPADS and not 8-SPT. These results 

suggest that although PI and P2Y receptors are expressed by satellite cells, a P2X 

receptor is primarily responsible for the effects of ATP studied in this chapter.

The anti-proliferative and differentiating effects of ATP could be considered 

counter-intuitive. An obvious, but by no means the only, source of ATP under 

physiological conditions is damaged muscle fibres. However muscle trauma, far from 

inhibiting satellite cell proliferation, activates quiescent satellite cells to re-enter the cell 

cycle and proliferate. Trauma also results in the release of many other trophic factors, 

including HGF and FGFs, known to be capable of promoting satellite cell proliferation 

(Hawke, and Garry, 2001). Therefore purinoceptor signalling is likely to be only one of
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many active systems in vivo. Maintenance of cells in high serum media (GM), when 

increased levels of trophic factors are likely to be present, could be considered 

analogous to these conditions. ATP was found to have no effect on cell number even at a 

concentration of 100 |xM, when cells were maintained in GM. Furthermore, under low 

serum conditions, ATP not only inhibited cell proliferation, but also potentiated 

differentiation. This would suggest that the ATP effects studied in this chapter relate 

predominantly to late events in muscle regeneration, when the levels of other trophic 

factors have fallen and controlled release of ATP from motoneurons (Redman and 

Silinsky, 1994; Silinsky and Redman, 1996) and muscle activity (Hellsten et al., 1998; 

Cunha and Sebastiao, 1993; Smith, 1991) can influence satellite cell activity.

One way of varying the response of satellite cells to ATP is to regulate receptor 

expression. As demonstrated in Chapter 3, whereas cells maintained in GM expressed no 

P2X receptor proteins, cells maintained in DM expressed high levels of the P2Xs 

receptor subunit. Furthermore, maintaining cells in low serum medium increased the 

expression of P2Xg receptor mRNA and stimulated the expression of P2X] receptor 

mRNA. Since the only P2X receptor to be differentially expressed (on the basis of 

protein and mRNA) was P2Xs, this would implicate this receptor in the differential 

response of cells maintained in growth or differentiation medium to ATP and 

consequently the anti-proliferative effects of ATP. Certainly the pharmacological profile 

observed (see above) is consistent with this suggestion.

The mechanism by which P2Xg receptor activation produced effects on satellite 

cell activity was also investigated. ATP application to satellite cells produced a 

significant and rapid increase in the phosphorylation of p38 and, to a lesser extent, ERK 

1/ 2. However, only inhibition of p38a and p38(3 activation blocked the P2X-dependent 

effects on cell number. These results are consistent with previous studies demonstrating 

the importance of the p38 MAPK signalling pathway in myogenesis. p38 can directly 

activate the MEF2 transcription factors in skeletal muscle (Wu et al., 2000; Zetser et al., 

1999) and together with the MyoD family, MEF2 transcription factors are necessary for 

the differentiation of myoblasts (Black and Olson, 1998; Molkentin et al., 1995). Thus,
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over-expression of p38 isoforms or upstream activators stimulates myogenesis, whereas 

inhibition of p38 activation prevents formation of myotubes (Wu et al., 2000; Zetser et 

al., 1999).

P2Xs receptor activation results in a rapid and transient flow of cations across the 

plasma membrane. Thus, like all ionotropic receptors, P2Xs has been viewed as a 

mediator of transient cellular events. However, recent research on various ligand-gated 

ion channels, including P2X? (a member of the P2X receptor family), demonstrates that 

ionotropic receptors can interact with cytoskeletal and signalling proteins (Kim et al., 

2001; Sheng and Pak, 2000) and can produce long-term effects on cellular activity. A 

number of proteins, capable of activating intracellular signalling pathways, have been 

shown to interact with the P2X? receptor, such as phosphatidylinositol 4-kinase (Kim et 

al., 2001), and it is known that this receptor can activate the p38, ERK 1/ 2 and INK 

MAPK signalling cascades (Panenka et al., 2001; Humphreys et al., 2000). Furthermore, 

activation of the P2X? receptor has been shown to produce caspase-dependent apoptosis 

in various cell types, including microglia, dendritic and mesangial cells (Coutinho Silva 

et al., 1999; Ferrari et al., 1999; Schulze-Lohoff et al., 1998). Thus, the results presented 

in this chapter suggest that activation of the P2Xs receptor can produce changes in 

MAPK signalling pathways by analogous mechanisms.

Although in this chapter only satellite cells in vitro have been investigated, recent 

immunohistochemical and in situ localization studies demonstrate that P2X receptors, 

notably P2Xs, are also expressed during skeletal muscle formation in vivo (Meyer et al, 

1999b; Ruppelt et al., 2001; Chapter 2). P2 X2, P2Xg and P2Xg receptor expression have 

been demonstrated in developing rat and chick skeletal muscle (Meyer et al, 1999b; 

Ruppelt et al., 2001; Chapter 2). These results suggest that signalling through a P2X 

receptor, containing the P2Xg subunit, may be important in muscle formation in vivo, 

whether in development or regeneration of skeletal muscle. Similarly, 

immunohistochemical localisation of P2Xg in the differentiating cell layers of stratified 

squamous epithelial tissues suggest a general function for P2Xs receptor mediated
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signalling in regulating the balance between cell proliferation and differentiation in a 

variety of systems.

In summary, in this chapter a novel role for ATP in the regulation of skeletal 

muscle formation is demonstrated. Under differentiating conditions, ATP acts on 

satellite cells to inhibit proliferation and increase the rate of differentiation. These effects 

are mediated by up-regulation of myogenin and the cell cycle regulator p21. 

Surprisingly, the effect of ATP is due to the activation of an ionotropic P2X receptor, 

containing the P2Xg receptor subunit. Although a role for P2Xs in cell differentiation has 

been proposed, this is the first functional evidence. Thus these results not only open the 

way for a new therapeutic target in the treatment of myogenic disorders, but also a new 

role for P2X receptors in the control of cell cycle and fate.
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CHAPTER 5

RECEPTORS FOR EXTRACELLULAR ATP 

ARE EXPRESSED BY SATELLITE CELLS 

AND REGENERATING MUSCLE FIBRES IN THE 

MOUSE MODEL OF MUSCULAR DYSTROPHY

INTRODUCTION

The findings presented in Chapters 3 and 4, demonstrating the expression and to 

some extent function of P2 receptors on satellite cell-derived myoblasts and myotubes, 

strongly suggest that ATP acting via P2X and P2Y receptors might play a significant 

role in skeletal muscle regeneration in vivo. However, these findings were based on 

experiments conducted in vitro and the role of purinergic signalling in muscle pathology 

in vivo has never been investigated. In this chapter the mdx mouse model of Duchenne’s 

muscular dystrophy (DMD) was used to investigate the role of purinergic signalling in 

regeneration, as a result of a clinically relevant form of muscle damage.

DMD is the most common and severe of the muscular dystrophies, a group of 

progressive muscle disorders characterised by extensive muscle wasting and weakness. 

DMD is caused by mutations in the dystrophin gene that result in the loss of dystrophin 

protein (Hoffman et al., 1987). In normal muscle fibres, dystrophin is associated with the 

sarcolemma via a membrane-spanning glycoprotein complex of dystrophin-associated 

proteins (Ervasti and Campbell, 1991). The dystrophin-glycoprotein complex links the 

cytoskeleton to the extracellular matrix, thereby stabilising the periphery of the muscle
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P2 Yi,2,4 antibodies that have only recently become commercially available from 

Alomone Labs (Jerusalem, Israel). Furthermore, P2 receptor expression was investigated 

particularly in relation to activated satellite cells and muscle fibre innervation.



fibre during contraction (reviewed by Tinsley et aL, 1994; Straub and Campbell, 1997). 

Loss of dystrophin results in loss of the entire dystrophin-glycoprotein complex and 

renders the muscle plasma membrane susceptible to contraction-induced damage 

(Weller et al., 1990; Petrof et al., 1993). Although, muscle regeneration does occur in 

response, failure to compensate for muscle damage ultimately results in the loss of fibres 

and the appearance of muscle weakness. Weakness of respiratory muscles (often in 

combination with respiratory infection) results in death before the age of 30.

The mdx mouse has a genetic defect in a homologous region to that identified in 

humans and similarly lacks dystrophin protein (Bulfield et al., 1984; Sicinski et al., 

1989). However, unlike the situation in DMD, in the dystrophin-deficient mouse, muscle 

degeneration and regeneration does not result in such marked progressive muscle 

weakness and premature death as occurs in humans. It has been suggested that this 

difference in outcome may be due to the increased expression of utrophin in mdx 

skeletal muscle, which is capable of functionally compensating for the dystrophin 

deficieny (Pons et al., 1994). Muscle fibre degeneration and regeneration in mdx mice is 

initially episodic. At birth, all the limb muscle fibres are relatively normal. However, by 

3-4 weeks of age histological and functional evidence of muscle fibre degeneration in 

the TA muscle is obvious. Tension output and muscle weight are reduced and 

histological examination demonstrates few intact fibres and the heavy infiltration of 

phagocytic cells. This acute phase of degeneration is followed by rapid regeneration, 

such that by approximately 6 weeks of age muscle function is similar to that of control 

animals. Subsequently and throughout adult life, skeletal muscle regeneration and 

degeneration occur simultaneously (Dangain and Vrbova, 1984; reviewed by De La 

Porte et al., 1999).

Using animals that were 3.5 weeks, 5 weeks and 2-3 months old it was possible 

to investigate purinoceptor expression during degeneration and regeneration of skeletal 

muscle, to some extent separately, yet in a clinically relevant system. Expression of 

purinoceptor proteins during these processes was studied using specific antibodies 

against P2Xi-7 (supplied by Roche Bioscience, Palo Alto, CA, USA) and new anti-

156



MATERIALS AND METHODS

Tissue preparation

C57B1/10 and mdx dystrophic mice were weaned at 3 weeks, and sacrificed at 

3.5 weeks, 5 weeks and 2-3 months of age by exposing animals to a rising concentration 

of CO2 and cervical dislocation. In each case, the TA muscles were rapidly removed, 

placed (the long axis vertically) onto cork blocks, covered with OCT compound and 

frozen in liquid nitrogen-cooled isopentane. Cryostat sections were cut, producing 

transverse sections of the muscle, at 12 pm or 7 pm and collected on gelatinised slides.

Longitudinal sections of tibialis anterior muscle were prepared by stretching and 

pinning muscles on sylgard and then fixing the tissue in 4% paraformaldehyde for 2 

hours at room temperature. Fixed muscles were rinsed in PBS, placed in 20% sucrose in 

PBS and left in the solution overnight at 4°C. Muscles were then placed longitudinally 

onto cork blocks, embedded in OCT and frozen in liquid nitrogen-cooled ispentane. 

Cryostat sections were cut at 50 pm and collected in PBS for staining as floating 

sections.
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Haematoxylin and eosin staining

For haematoxylin and eosin staining, air-dried sections were fixed in 4% 

formaldehyde for 10 minutes. After washing in distilled water, sections were immersed 

in Ehrlich’s haematoxylin for 20 minutes, washed in tap water for 5 minutes, and 

checked under the microscope for over-staining. Excess haematoxylin staining was then 

removed by dipping sections in acid alcohol. After washing in tap water for a minimum 

of 15 minutes, sections were immersed in 1% eosin for 3 minutes. Excess eosin staining 

was removed and sections were dehydrated by immersion in 70%, 90% and 100% 

ethanol (v/v in distilled water). Finally after placing in two changes of xylene, sections 

were mounted in Eukitt (BDH, UK).

Immunohistochemistry (colour reaction)

Immunostaining of 12 |xm cryostat sections was performed as described in 

Chapter 2 (Methods and Materials, Immunohistochemistry). For P2Y receptor 

immunostaining, sections were incubated overnight at room temperature in 3 pg/ ml of 

rabbit anti-P2Yi, P2Y2 or P2 Y4 (Alomone Laboratories, Israel) in 10% NHS in PBS at 

room temperature. All sections were counter-stained for nuclei with contrast green 

(Kirkegaard & Perry Laboratories, USA) for 5 minutes at room temperature. After each 

of the above steps, except the pre-incubation, sections were rinsed three times with PBS. 

Control experiments were carried out with the primary antibody omitted from the 

staining procedure and the primary antibody pre-absorbed with the peptides used to 

immunize the rabbits, according to the protocol described in Chapter 2 (Methods and 

Materials, Immunohistochemistry) and 3 (Methods and Materials, 

Immunocytochemistry).
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In order to make meaningful comparisons between the levels of 

immunoreactivity for a given receptor, sections were stained in sets containing tissues 

from control (C57B1/10) and mdx animals at 3.5 weeks, 5 weeks and 2-3 months of age 

and the colour reaction was timed and equal for all samples. In this way it was possible 

to ensure that differences in the intensity or distribution of immunoreactivity were due 

only to genuine differences in protein expression.

Immunohistochemistry (fluorescence)

Air-dried cryostat sections were fixed in 4% formaldehyde in 0.1 M phosphate 

buffer (pH 7.4) for 2 min. After washing in PBS, non-specific binding sites were 

blocked using 10% NHS in PBS or 10% NGS. Due to the greater degree of 

permeabilisation required for immunostaining for nuclear transcription factors, 7pm 

thick cryostat sections were used for staining for MyoD and myogenin and these 

sections were incubated in 10% NHS + 0.2% Triton X-100. Sections were incubated 

with primary antibodies, diluted in the respective blocking solutions, overnight at room 

temperature. The primary antibodies used were rabbit anti-P2X2 or anti-P2Xg (Roche 

Bioscience, USA), rabbit anti-P2Yi (Alomone Laboratories, Israel), rabbit anti

neurofilament 200 (Sigma, UK), rabbit anti-MyoDl (Autogen Bioclear, UK) and rabbit 

anti-myogenin (Autogen Bioclear, UK). These antibodies were used at the following 

concentrations: anti-P2X2 or -P2Xs, 5 pg/ ml; anti-P2Yi 3 pg/ ml; anti-neurofilament, 

1:100; anti-MyoDI, 1:400; and anti-myogenin 1:400. After washing in PBS, cells were 

incubated with fluorescence-labelled secondary antibodies for 1 hour at 37°C. Donkey 

anti-rabbit Cy3 (1:500 in 1% NHS in PBS) or Oregon green-labelled goat anti-mouse/ 

rabbit secondary antibodies (Stratech Scientific, UK) (1:100 in 1% NGS in PBS) were 

applied as appropriate. In some cases, cell nuclei were also stained by incubation with 

DAPI (Sigma, UK) at 0.6 pg/ ml in PBS for 1 hour at room temperature.
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Double labelling experiments for P2Yi and C d llb  were conducted as described 

above, except for an additional 1 hour incubation with flourescein-labelled rat anti- 

CD 11b (Serotec, UK). Immunostaining for PlXz and AChRs was also performed using 

a similar protocol. In order to both permeabilise the muscle cells in 50 jxm sections and 

block non-specific binding sites, pre-fixed tissue sections were incubated in 10% NGS + 

0.2% Triton X-100. Subsequent steps were conducted as described above, except that 

sections were also incubated for 1 hour with Texas Red-labelled a-bungarotoxin 

(specific marker of the a-subunit of nicotine AChRs). Longitudinal, 50 |Lim thick 

sections were examined using confocal microscopy.

In the case of double staining for P2Xg and neurofilament, sections were 

incubated overnight at room temperature in 1 )Lig/ ml of P2Xs antibody in 10% NHS in 

PBS + 2.5% NaCl. This was followed by incubation with biotinylated donkey anti-rabbit 

IgG (Stratech Scientific, UK) diluted 1:500 in 1% NHS in PBS for 1 hour, ExtrAvidin 

peroxidase diluted 1:1500 in PBS for 1 hour, tyramide amplification for 8 minutes 

(Tyramide Amplification Kit, NEN Life Science Products, Boston, USA) and finally 

streptavidin-fluorescein (Amersham, UK) at 1:200 for 30 minutes. Sections were 

washed three times with PBS 4- Tween (0.05%) after each of the above steps. Staining 

for neurofilament-200 was performed by further incubation of sections overnight in 

rabbit anti-neurofilament 200 (Sigma, UK) diluted 1:200 in 10% NHS in PBS, followed 

by visualization with donkey anti-rabbit cy3 (Jackson ImmunoResearch Lab), 1:500 in 

1% NHS in PBS for 1 hour.

160



Quantitative analysis of P2Xs immunoreactivity

In order to quantitate the expression of P2Xs receptor staining, the number of 

nuclei present in P2X5-positive cells was counted in five randomly chosen fields (of 0.2 

mm^) from a minimum of two muscle sections per a muscle sample. Muscle samples 

from 3-4 animals were examined. Sections were taken from the mid-belly region of the 

TA muscle, photographed using a digital camera (Leica, Switzerland) attached to a Zeiss 

Axioplan microscope (Zeiss, Germany) and viewed on a screen with a grid applied to 

aid accuracy.

The total number of nuclei present in each field of view was also counted. This 

revealed that mdx muscle contained a significantly higher number of nuclei as compared 

to C57B1/10 muscle (204 ± 23 nuclei/ field of view in C57B1/10, as compared to 353 ± 

23 nuclei/ field of view in mdx tibialis anterior muscle). In order to correct for 

differences in nuclei number, the number of nuclei present in P2Xs-positive cells was 

expressed as a percentage of the total number of nuclei.

Differences in the percentage of nuclei present in P2Xs-positive cells in age- 

matched muscle samples were assessed for significance by one way analaysis of 

variance (ANOVA) followed by a post hoc Bonferroni’s Multiple Comparison Test.
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RESULTS

Histology of m d x  and control skeletal muscle

Samples of tissue from the TA muscles of 3.5 week, 5 week and 2-3 months old, 

mdx and age-matched control animals were studied. At all time points muscle from 

C57B1/10 animals consisted of mature muscle fibres (Fig. 5.1 A-C), characterised by 

peripheral myonuclei. Muscle fibres were large and (in each age group) had similar 

diameters. As previously reported, at 3.5 weeks there were many degenerative changes 

in the TA muscle of mdx mice (Fig. 5.1 D). Many of the muscle fibres were undergoing 

necrosis and were invaded by inflammatory cells. By 5 weeks, necrotic fibres had been 

replaced with small diameter myotubes (identified by their central nuclei) and the 

normal muscle architecture had been largely re-established (Fig. 5.1 E). Muscle 

degeneration and regeneration continued in the adult. This resulted in a wide variation in 

muscle fibre diameter with newly formed, small diameter myotubes (containing central 

nuclei) adjacent to large, hypertrophied muscle fibres (Fig. 5.1 F).

Expression of P2 receptors in m d x  and control skeletal muscle

Antibodies specific for P2Xi.7, P2Yi, P2 Y2 and P2 Y4 were used to study 

purinoceptor expression on TA muscles from 3.5 week, 5 week and 2-3 month old, mdx 

and age-matched C57B1/10 (control) animals. Control experiments, performed by 

preabsorbing the antibodies with the corresponding peptides, were used to confirm the 

specificity of the findings (Fig 5.3 G, 5.4 G, 5.7 G).

Immunostaining for the P2Yi receptor was detected on blood vessels, in all 

samples (control and mdx) and at all time points (Fig. 5.2 A-C). This pattern of staining 

was confirmed by co-localisation of smooth muscle actin and P2Y%. Similarly, nerve 

bundles in both control and mdx tissues (at all three time points) stained for P2Xg (Fig.
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5.2 D-F), as demonstrated by co-localisation of neurofilament and P2X$. However, 

whereas in control tissues purinoceptor expression was restricted to vascular and 

nervous tissue, in mdx samples immunostaining was widespread and included skeletal 

muscle cells. Three receptors, P2Yi, P2X2 and P2Xg, were differentially expressed (Fig. 

5.3,5.4,5.7).

Immunoreactivity for P2Yi

There was increased immunoreactivity for P2Y1 in mdx muscle as compared to 

control, at 3.5 weeks, 5 weeks and 2-3 months (Fig. 5.3). At 3.5 weeks, P2Yi 

immunopositive cells were present throughout mdx muscle, not only in blood vessels. 

These small, mononuclear cells appeared to be particularly concentrated in areas of 

muscle necrosis (Fig. 5.3 D). Similarly, necrotic muscle fibres were surrounded by 

P2Yi-positive cells in adult mdx muscle (Fig. 5.3 F). This pattern of P2Yi staining was 

not seen on control tissues at any age (Fig.5.3 A, B, C), and was largely absent in mdx 

tissue from 5 week-old animals (Fig. 5.3 E).

Immunoreactivity for P2Xg

Immunoreactivity for P2Xg was present in nerve fibres and scattered 

mononuclear cells in all muscle samples (Fig. 5.4, 5.5). However, whereas there were 

few P2X5-positive cells in control muscles (at all ages) and in mdx muscle at 3.5 weeks, 

there were many P2X5-positive cells in mdx muscle from 5 week and 2-3 month-old 

animals (Fig 5.4). Immunoreactivity for P2Xs was also present in muscle fibres in these 

samples (Fig. 5.5), In many cases, P2Xs immunopositive myotubes had a small 

diameter, suggesting that these myotubes had been recently formed (Fig. 5.5).

In order to quantify the expression of P2Xg receptor expression, the percentage 

of nuclei present in P2Xs-positive cells was assessed in control and mdx muscle from 3.5
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week, 5 week and 2-3 month-old mice. In no sample did the number of nuclei present in 

P2Xg-positive cells exceed 6 % (Fig. 5.6). However, there was a significant (P <0.1%) 

increase in P2Xs immunoreactivity in mdx, as compared to control skeletal muscle in 5 

week-old and adult mice. At 5 weeks, 5.63% ± 0.34% of nuclei were present in P2Xs- 

positive cells in mdx muscle, while only 0.47% ± 0.19% of nuclei were present in P2Xs- 

positive cells in control tissue (Fig. 5.6). There was no significant difference in 

immunoreactivity for P2Xg in mdx skeletal muscle from 5 week-old, as compared to 

adult skeletal muscle (Fig. 5.6).

Immunoreactivity for P2X2

There was no immunoreactivity for P2 X2 on any cell type in control muscle 

samples, at any time point (Fig. 5.7 A, B, C). Similarly, there was no staining for P2X2 

on mdx tissue from 3.5 week old animals (Fig. 5.7 D). However, myotubes (identified by 

centrally-placed nuclei) and muscle fibres, in mdx muscle from 5 week-old animals, 

were positive for P2 X2 (Fig. 5.7 E). Staining was seen as dark patches of 

immunoreactivity on the plasma membrane (Fig.5.7 E). A similar pattern of staining 

was also seen in adult mdx muscle. In this case, there were many P2 X2-positive 

myotubes and muscle fibres present throughout the muscle (Fig. 5.7 F).

The P2Yi receptor is expressed by a subset of inflammatory cells in 

m d x  muscle

Immunoreactivity for P2Yi was most widespread in tissue samples containing 

necrotic skeletal muscle and consequently large numbers of inflammatory cells (3.5 

week and adult mdx muscle). Many immune cells, including macrophages, have been 

shown to express the P2Yi. This would suggest that many of the P2Y%-positive cells 

were inflammatory cells invading necrotic muscle fibres.
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In order to determine the identity of P2Yi-positive cells, adult mdx muscle was 

double labelled for P2Yi (red) and CD l ib  (green) (Fig.5.8 A, B, C). CD 11b is a marker 

for a large variety of inflammatory cells, including macrophages and B lymphocytes. 

Significant co-localisation of P2Yi and CD l ib  (yellow) was detected (Fig. 5.8 C). This 

indicated that P2Yi was expressed by a sub-population of inflammatory cells 

(arrowheads) and that some P2Yi-positive cells were not inflammatory cells.

A sub-population of activated satellite cells in m d x  muscle express P2 

receptors

The findings presented in Chapters 4 and 5, demonstrating the expression and 

function of P2 receptors on satellite cell-derived myoblasts in vitro, raised the possibility 

that the P2Xs and P2Yi immunopositive cells observed in mdx muscle might be 

activated satellite cells. In order to investigate this possibility, sequential sections of 2-3 

month-old mdx muscles were stained for myogenin, MyoD, P2Xg and P2Yi.

These experiments revealed that many P2X5-positive mononuclear cells 

expressed the MRFs, myogenin and MyoD, indicating that these cells were activated 

satellite cells (Fig. 5.9, arrows). Furthermore, in some cases P2Xg-positive myotubes 

contained nuclei positive for myogenin, suggesting that these fibres had been recently 

formed or repaired by satellite cell fusion. However, it was clear that there were also a 

number of cells that expressed myogenin/ MyoD or P2Xg alone. Thus, it appeared that 

only a sub-population of activated satellite cells was positive for P2Xs, and that some 

P2Xs-positive cells were not activated satellite cells.

Immunostaining for P2Yi, was present in regions of regenerating muscle (as 

identified by MyoD or myogenin expression). Nonetheless only rarely was it possible to 

clearly identify P2Yi-positive cells as activated satellite cells (Fig. 5.9, arrowheads). 

This suggests that, as in the case of P2Xs, only a sub-population of activated satellite 

cells express P2Yi, and that the P2Yi receptor is expressed by a variety of cell types.
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Double labelling for P2 X2 and AChRs

A number of studies demonstrate abnormalities in the localisation and 

degradation of AChRs on mdjc muscle from 5 weeks of age onwards (De La Porte, 1999; 

Kong and Anderson, 1999; Grady et al., 2000). Furthermore, there is growing evidence 

that P2X2 receptors and AChRs can functionally interact (Nakazawa, 1994; Brajas- 

Lopez et al., 1998; Searl et al., 1998; Zhou and Galligan, 1998; Khakh et al., 2000). 

Thus, the expression of AChRs and P2X2 receptors was investigated on adult skeletal 

muscle from C57B1/10 and mdx mice (Fig. 5.10). Double staining experiments 

performed on muscle from C57B1/10 mice demonstrated largely continuous, and well- 

organised clusters of AChRs at the NMJs and the absence of any staining for P2 X2 (Fig.

5.10 A). In contrast, NMJs in adult mdx muscle consisted of multiple small pieces of 

clustered AChRs. Furthermore, P2 X2 receptor expression was apparent on muscle fibres, 

and there were small areas of AChR and P2 X2 receptor co-localisation (yellow) (Fig.

5.10 B).
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Figure 5.1.

Haematoxylin and eosin staining of C57B1/10 and mdx mice demonstrates age- 

specific changes in muscle structure in mdx mice.

A, B, C, Histological examination of TA muscles from C57BL/10 mice. At 3.5 weeks 

(A), 5 weeks (B) and 2-3 months of age (C) mature muscle fibres characterised by 

peripheral myonuclei were present. D, E, F, Histological examination of TA muscles 

from mdx mice. At 3.5 weeks (D), 5 weeks (E) and 2-3 months of age (F) abnormalities 

in muscle structure were present. D, At 3.5 weeks of age there were many degenerative 

changes apparent, including necrotic muscle fibres and the presence of many immune 

cells. E, At 5 weeks of age normal muscle architecture had been restored, but there were 

many small diameter fibres and myotubes with central nuclei. F, Adult mdx muscle 

showed signs of both muscle degeneration and regeneration. Bars = 100 pm.
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Figure 5.2.

P2 receptors are expressed on nerves and blood vessels.

A, B, C, Co-localisation of P2Yi and smooth muscle actin. A, Sections of TA muscle 

from 2-3 month old C57BL/10 mice were stained for P2Yi (green). B, Sections of TA 

muscle from 2-3 month old C57BL/10 mice were stained for smooth muscle actin (red). 

C, Double staining for both P2Yi and smooth muscle actin demonstrated significant co

localisation of these proteins (yellow) on blood vessels (arrowhead). D, E, F, Co

localisation of P2Xs and neurofilament 200. D, Sections of TA muscle from 2-3 month 

old C57BL/10 mice were stained for P2Xs (green). E, Sections of TA muscle from 2-3 

month old C57BL/10 mice were stained for neurofilament 200 (red). Double staining for 

both these proteins, demonstrated significant co-localisation of these proteins (yellow) 

on nerve fibres (arrow). Bars = 100pm.
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Figure 5.3.

Differential expression of P2Yi on TA muscle from C57BL/10 (control) and mdx 

mice.

Sections of TA muscle from C57BI/10 (control) and mdx mice were stained for P2Yi 

(black) and counterstained for nuclei (green). A, B, C, There was no immunoreactivity 

for P2Yi outside of blood vessels in muscle samples from C57B1/10 mice at 3.5 weeks 

(A), 5 weeks (B) or 2-3 months of age (C). D, E, F, Immunostaining for P2Yi was 

present outside of blood vessels in mdx muscle at all ages tested. Many immunopositive, 

mononucleated cells were present in mdx muscle at 3.5 weeks (D). Similarly, in adult 

mdx muscle (F) P2Yi-positive cells surrounded necrotic muscle fibres. This pattern of 

P2Yi staining was largely absent from mdx tissue at 5 weeks (E). G, There was no 

immunostraining for P2Yi in adult mdx TA muscle when antibodies were pre-absorbed 

using the appropriate peptide. Bars = 100 pm.
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Figure 5.4,

Differential expression of P2Xs on TA muscle from C57BL/10 (control) and mdx 

mice.

Sections of TA muscle from C57B1/10 (control) and mdx mice were stained for P2Xs 

(black) and counterstained for nuclei (green). A, B, C, There was almost no 

immunoreactivity for P2X5 in muscle samples from C57B1/10 mice at 3.5 weeks (A), 5 

weeks (B) or 2-3 months of age (C). D, E, F, Although, no immunoreactivity for P2Xs 

could be detected in mdx muscle at 3.5 weeks (D), many P2 X5-immunopositive cells 

were present in mdx muscle from 5 week (E) and 2-3 month old mdx muscle (F). Strong 

immunostaining was detected on mononuclear cells, lying in between muscle fibres (E, 

F, arrowheads). G, There was no immunostraining for P2Xg in adult mdx TA muscle 

when antibodies were pre-absorbed using the appropriate peptide. Bars = 100  pm.
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Figure 5.5.

P2Xs receptor expression was detected in mononucleated cells and muscle fibres 

in mdx muscle.

A, B, C, D, P2 X 5 receptor expression in adult mdx muscle was investigated using 

immunofluorescence. Immunoreactivity for P2X$ was detected in mononuclear cells, 

lying in between muscle fibres (A, B, C , D) and in small muscle diameter muscle 

fibres and myotubes (A). Bars = 100 pm.
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Figure 5.6.

Quantitation of P2X$ immunoreactivity in C57B1/10 (control) and mdx mice.

Quantitation of P2X$ immunoreactivity demonstrated a significant (P < 0.1%) increase in 

the level of P2 X5 receptor expression in skeletal muscle from mdx, as compared to age- 

matched C57B1/10 mice at 5 weeks and 2-3 months of age. At 5 weeks, 5.63% ± 0.34% 

of nuclei were present in P2Xs-positive cells in mdx muscle, while only 0.47% ± 0.19% 

of nuclei were present in P2X$-positive cells in control tissue. There was no significant 

difference in P2X$ expression in skeletal muscle from mdx, as compared to C57B1/10 at 

3.5 weeks of age. Values significantly different (P < 0.1%) from age-matched controls 

are denoted by *.
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Figure 5.7.

5.7. Differential expression of P2X2 on TA muscle from C57BL/10 (control) and 

mdx mice.

Sections of TA muscle from C57B1/10 (control) and mdx mice were stained for P2 X2 

(black) and counterstained for nuclei (green). A, B, C, There was almost no 

immunoreactivity for P2 X2 in muscle samples from C57B1/10 mice at 3.5 weeks (A), 5 

weeks (B) or 2-3 months of age (C). D, E, F, Although, no immunoreactivity for P2Xs 

could be detected in mdx muscle at 3.5 weeks (D), immunostaining of muscle fibre and 

myotube membranes was detected in mdx muscle from 5 week (E) and 2-3 month old 

mdx muscle (F). Patches of immunoreactivity on muscle membranes were more frequent 

and stronger in muscle samples from adult, as compared to 5 week old mdx mice (E, F, 

arrows). G, There was no immunostaining for P2Xs in adult mdx TA muscle when 

antibodies were preabsorbed using the appropriate peptide. Bars = 100 pm.
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Figure 5.8.

5.8. A subpopulation of inflammatory ceils in mdx muscle express the P2Yi 

receptor.

A, Immunostaining adult mdx muscle for P2Yi (red), demonstrated the expression of 

this receptor on small, mononucleated cells that were invading necrotic muscle fibres. B, 

In order to determine whether P2Yi-positive cells were inflammatory cells, mdx muscle 

was also stained for CD 11b (green) (a marker for a variety of immune cells). C, Double- 

staining experiments revealed that there was a significant degree of co-localisation of 

P2Yi and CD 11b (yellow) proteins in adult mdx muscle. However, since some cells 

expressed only CD 11b (green) or only P2Yi (red), it is clear that the P2Yi receptor was 

expressed by a sub-population of inflammatory cells, and that not all P2Y%-positive cells 

are immune cells. Bars = 100  pm.
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Figure 5.9.

5.9. A sub-population of activated satellite cells in mdx muscle express P2 receptors.

Sequential sections of adult mdx muscle were stained for histological examination, 

markers of activated satellite cells, P2Xs and P2Yi. Sections stained by 

immunofluorescence were also counterstained with DAPI for identification of nuclei. A, 

Adult mdx muscle stained with haematoxylin and eosin showed signs of regeneration, 

including the presence of myotubes (as identified by central nuclei). B, C, 

Immunostaining of sequential muscle sections for myogenin (B) and MyoD (C) 

demonstrated the presence of many activated satellite cells. D, E, Immunostaining of 

sequential muscle sections for P2Xs (D, green) and P2Yi (E, green) demonstrated the 

expression of these P2 receptors on a sub-population of activated satellite cells. 

Immunoreactivity for P2Xs (D, arrows) was detected on cells also containing nuclei 

positive for myogenin (B, arrows) and MyoD (C, arrows). In the case of P2Yi, there 

appeared to be fewer cells immunopositive for both this receptor (E, arrowhead) and 

markers of satellite cell activation (C, arrowhead). However, in both the case of the 

P2Xs and P2Yi receptors, it was clear that only a sub-population of activated satellite 

cells expressed these P2 receptor proteins, and that receptor expression was not 

restricted to activated satellite cells. Bars = 100 pm.
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Figure 5.10.

5.10. Representative NMJs from C57BI/10 and mdx skeletal muscle.

Longitudinal sections of adult skeletal muscle from C57B1/10 and mdx mice were 

stained for AChRs (red) with Texas Red-labelled a-bungarotoxin and P2X2 (green). A, 

Double staining experiments performed on muscle from C57B1/10 mice demonstrated 

largely continuous, and well-organised clusters of AChRs at the NMJs and the absence 

of any staining for P2 X2. B, In contrast, NMJs in adult mdx muscle consisted of 

multiple, small pieces of clustered AChRs. Furthermore, P2X2 receptor expression was 

apparent on muscle fibres, and there were small areas of AChR and P2X2 receptor co

localisation (yellow). Bars = 100 pm.
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DISCUSSION

The findings presented in Chapters 3 and 4, demonstrating the expression and, to 

some extent function of purinoceptors on satellite cells and myotubes in vitro, strongly 

suggested that P2 receptors are involved in muscle regeneration. However, prior to this 

study the role of purinergic signalling in the response to any form of muscle injury had 

not been investigated. In this chapter, the mouse model of Duchenne’s muscular 

dystrophy {mdx) was used to study purinoceptor expression in a clinically relevant cause 

of muscle damage.

In normal skeletal muscle, purinoceptor expression was largely restricted to 

vascular (P2Xi, P2Yi) and nervous tissue (P2Xs, P2X?), but was absent from skeletal 

muscle cells. However, in mdx muscle, receptor expression increased and became more 

widespread. Using immunohistochemistry it was possible to demonstrate the differential 

expression of three purinoceptors, P2Yi, P2Xs and P2X%, in degenerating and 

regenerating mdx skeletal muscle, as compared to age- and sex-matched controls 

(C57B1/10). These receptors were expressed on activated satellite cells (P2Xs and P2Yi), 

myotubes/ muscle fibres (P2Xs and P2 X2) and immune cells (P2Yi). All three of these 

cell types and in particular satellite cells, play an important role in muscle regeneration.

The cause of muscle injury in mdx mice, as in DMD patients, was the absence of 

the subsarcolemmal cytoskeletal protein, dystrophin (Bulfield et al., 1984). Without 

dystrophin, muscle fibres become particularly sensitive to mechanical stress and so 

contraction-induced damage (Weller et al., 1990; Menke and Jockusch, 1991; Petrof et 

al., 1993; Mokhtarian et al., 1995; 1999). Thus, limb muscle fibres are histologically 

normal postnatally (Torres et al., 1987), but undergo degeneration soon after weaning (at 

3 weeks in this study) when motor activity increases.
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This first phase of muscle damage and the subsequent inflammatory response 

were characterised by a marked increase in immunoreactivity for the P2Yi receptor. 

Double staining experiments demonstrated that P2Yi receptor protein was strongly 

expressed on leukocytes (as identified by immunoreactivity for CD 11b), and leukocyte 

infiltration could largely account for the increase in P2Yi receptor expression in 

damaged muscle. This finding is consistent with past research demonstrating P2Yi 

receptor expression on a range of white blood cells (including monocytes, dendritic cells 

and thymocytes) and a role for this receptor in the regulation of cytokine release (Jin et 

al., 1998; for review see Di Virgilio et al., 2001; Straub et al., 2002). Since some 

cytokines (including IL-6  and LIP) can act as growth factors in damaged skeletal 

muscle, it is possible that P2Yi receptor expression may be involved in regulating 

leukocyte activity and indirectly muscle repair (Austin and Burgess, 1991; Kurek et al., 

1996).

The regeneration of muscle fibres in mdx muscle ensures that muscle function 

rapidly recovers following injury. This process, as in all responses to muscle injury, is 

largely dependent on skeletal muscle satellite cells. These cells are normally quiescent, 

express no markers of commitment to the myogenic lineage and constitute <5% of 

myonuclei in adult mouse muscle. However, on muscle injury satellite cells are 

activated, express myogenic transcription factors and become highly proliferative. 

These cells ultimately fuse to repair damaged fibres or form new, immature myotubes. 

Past research on mdx muscle suggests that, while these regenerative processes continue 

in adult mice, they are most prominent at approximately 4-5 weeks of ages, when 

activated satellite cells are present in the greatest numbers (Dangain and Vrbova, 1984; 

reviewed by De La Porte et al., 1999; Jin et al., 2000).

Thus, high expression of the P2Xs and P2%2 receptors in mdx skeletal muscle 

from 5 weeks of age onwards strongly suggested a role for these receptors in muscle 

regeneration, not degeneration. Immunoreactivity for both these receptors significantly 

increased at 5 weeks of age relative to age-matched controls and mdx muscle at 3.5 

weeks. While there was no immunostaining for P2X2 on any cell type in control samples
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or at 3.5 weeks (the first episode of degeneration), there was strong immunoreactivity 

for this receptor on myotubes in mdx tissue from 5 weeks of age onwards. Similarly, 

there was a greater than ten fold increase in immunostaining for the P2Xg receptor (P < 

1%) in mdx muscle at 5 weeks as compared to age-matched control tissue and mdx 

muscle at 3.5 weeks of age.

The role of the P2Xs receptor in muscle regeneration was clarified by 

demonstrating that many of the activated satellite cells (as identified by the expression of 

the myogenic transcription factors, MyoD or myogenin) present in mdx muscle were 

positive for P2Xs receptor protein. A number of activated satellite cells were also 

positive for P2Yi (though fewer than for P2Xg). The absence of significant 

immunoreactivity for either of these receptors in mononucleated cells in control muscle 

samples, suggested that purinoceptors were not expressed by quiescent, but only 

activated satellite cells.

These findings were largely consistent with the pattern of P2 receptor expression 

observed in normal satellite cell cultures (see Chapter 3). Satellite cell-derived 

myoblasts in vitro expressed both P2Xs and P2Yi receptor mRNA and protein. 

However, whereas all cells in culture expressed P2 receptors, P2Xs and P2Yi receptor 

proteins were expressed by a sub-population of activated satellite cells in vivo. In the 

case of P2Xs receptor expression, this discrepancy could be explained by the fact that 

high levels of receptor expression are specific to cells maintained in differentiating, low 

serum conditions (Chapter 3). Thus, in vivo, where satellite cells have not been activated 

simultaneously or maintained under identical conditions, differential expression of the 

P2Xs receptor is to be expected.

Furthermore, expression of the P2Xg receptor on small, regenerating myotubes 

suggested that not only the expression, but also the function of the P2Xs receptor was 

conserved in vivo (see Chapters 3 and 4). Activation of the P2Xg receptor on satellite 

cell-derived myoblasts in primary culture increased the rate of commitment to terminal 

differentiation and fusion to form multinuclear myotubes (Chapter 4). The myotubes
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formed were initially PZXg-positive (Chapter 3), as observed in regenerating mdjc 

muscle. Together, these findings strongly suggest that the expression and activation of 

P2Xs receptors on satellite cells in vivo, as in vitro, play a role in potentiating the 

differentiation and fusion of activated satellite cells.

The P2 X2 receptor is also likely to play a significant role in muscle regeneration. 

Although this receptor was not expressed in skeletal muscle from 3.5 week old mdx 

mice, strong immunoreactivity was detected on muscle fibre/ myotube membranes in 

dystrophic muscle samples from 5 week and 2-3 month old mice. As in vitro, P2X2- 

immunopositive clusters were detected across the cell membranes of myotubes (see 

Chapter 3). Immunoreactivity for this receptor increased in adult skeletal muscle. While 

the functional significance of P2 X2 receptors in skeletal muscle is not established, the 

timing of P2X2 receptor expression suggests that receptor expression could be related to 

changes in muscle innervation.

The absence of dystrophin in mdx muscle not only effects muscle architecture, 

but also innervation (reviewed by De La Porte, 1999). Although the structure and 

function of NMJs in mdx muscle is normal until approximately the first postnatal month, 

abnormalities appear after the onset of muscle damage and repair. As in the case of P2 X2 

receptor expression, these changes become increasingly obvious with age (Kong and 

Anderson, 1999; Grady et al., 2000). Thus, in adult muscle abnormalities in the NMJ, 

including NMJ fragmentation, are clearly visible using conventional microscopy (as 

confirmed in this study). Changes in the expression and function of AChRs in adult mdx 

muscle have also been demonstrated. Two types of AChR are expressed, the adult and 

embryonic type (similar to that expressed in denervated muscle). While it has been 

suggested that dystrophin is required for the clustering of AChRs and reassembly of the 

NMJ (Kong and Anderson, 1999), abnormalities in muscle innervation are largely 

attributed to re-modelling of muscle fibres after rounds of degeneration and regeneration 

(De La Porte, 1999; Koltgen and Franke, 1994).

Recent studies demonstrating that P2 X2 and ACh receptors can interact may 

suggest a role for the P2 X2 receptor in the regulation of AChR function and possibly
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distribution, under conditions of abnormal innervation. Co-activation of P2X2 and 

nicotinic AChRs elicits currents significantly smaller than those predicted on the basis of 

activation of each channel separately (Nakazawa, 1994; Brajas-Lopez et al., 1998; Searl 

et al., 1998; Zhou and Galligan, 1998; Khakh et al., 2000). Thus, co-expression of P2X2 

and AChRs, as demonstrated in small clusters at dystrophic NMJs, could account for 

some of the abnormalities in AChR activity observed in mdx muscle. ACh and ATP are 

both released by motor neurons at the NMJ and could co-activate receptors to cause the 

observed reduction in the opening time and current amplitude of AChRs in dystrophic 

muscle. It is important to note that, contrary to the findings presented by Choi et al. 

(2001), co-expression of P2Yi and ACh receptors at the NMJs could not be 

demonstrated in either normal or mdx muscle at any time point.

In summary, the age-dependent pattern of P2 receptor expression in mdx muscle 

strongly suggests that purinergic signalling plays a key role in the response to muscle 

injury. Expression of the P2 X2, P2X5 and P2Yi receptors was up-regulated in mdx 

skeletal muscle (as compared to controls) and these receptors were expressed on cells 

known to be important in muscle regeneration. In particular, the P2Xs and P2Yi 

receptors were expressed on activated satellite cells. P2 receptors were also expressed on 

myotubes/ muscle fibres (P2 X2) and on infiltrating immune cells (P2Yi). Since mdx 

muscle is likely to contain high levels of extracellular ATP, and it is known that ATP 

and other extracellular nucleotides can affect satellite cell activity, it seems likely that P2 

receptor expression in mdx muscle is of functional significance in muscle regeneration. 

Furthermore, strong similarities in the specific subtypes and pattern of P2 receptor 

expression in regenerating muscle in vivo and in vitro (Chapter 3) suggest that P2 

receptors are part of the normal response to muscle injury. Thus, this study provides the 

first evidence for a role for purinergic signalling in muscle regeneration in vivo, and so 

the therapeutic potential of purinergic signalling in the treatment of muscle diseases.
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CHAPTER 6

GENERAL DISCUSSION AND FUTURE WORK

Skeletal muscle has been studied intensively. As a result significant progress has 

been made in our understanding of many of the key processes in muscle development 

and function. Although some findings are specific to skeletal muscle, this research has 

also provided more general insights into processes such as lineage specification, the 

control of proliferation versus differentiation, and synapse formation. Thus, skeletal 

muscle represents a good model tissue in which to study the potential role of purinergic 

signalling in regulating these processes.

A variety of approaches have been used in this thesis to study purinergic 

signalling in skeletal muscle development and regeneration. In this general discussion I 

would like to summarise the major findings and discuss: i) how these approaches have 

been used to build up a picture of the role of purinergic signalling in this system; and ii) 

whether any of these findings might also provide insights into the functions of the 

purinergic signalling system in general.

What do expression patterns in development tell us?

Clearly one of the most basic criteria for a role for purinergic signalling in the 

development of skeletal muscle is the presence of receptors for extracellular nucleotides 

in presumptive muscle regions during this process. Although a number of 

electrophysiological and expression studies conducted predominantly in chick, 

suggested the existence of purinoceptors in developing skeletal muscle, little was known
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regarding purinergic signalling in mammalian muscle. In the first experimental chapter, 

subtype specific antibodies were used to study the expression of P2X receptors in 

developing rat skeletal muscle. These experiments provided evidence for the sequential 

expression of three P2X receptors, P2Xs, P2Xg and P2X2 during skeletal muscle 

formation in mammals. Of these receptors, expression of the P2 X2 receptor in skeletal 

muscle had not previously been demonstrated.

In all cases, receptor expression was dynamic and no P2X receptor protein was 

detected in adult muscle fibres. These findings suggested that purinergic signalling was 

involved in regulating specific processes in mammalian skeletal muscle development. 

P2X receptor proteins were not expressed in the somite prior to myogenic specification 

at approximately E8 (as determined by expression of Myf5 in the mouse) (Ott et al., 

1991), indicating that these receptor families were not involved in this particular 

process. In contrast, P2X2, P2Xs and P2Xe, receptors, were detected in presumptive 

muscle regions during myoblast fusion into multinuclear myotubes and subsequent 

myotube maturation. Since a number of the P2X receptor subunits, in particular P2Xs 

and P2 Xô, appeared to be expressed on the same cells at the same time, it is possible that 

a wide variety of purinoceptors, including homo- and heteromeiic P2X receptors, were 

involved in these processes. However, since no difference in the expression of 

purinoceptors was detected in presumptive fast and slow muscle regions, purinergic 

signalling is unlikely to be involved in this particular aspect of myotube maturation. 

Together these findings suggested that purinergic signalling was involved in regulating 

particular processes in mammalian skeletal muscle development.

In the case of some receptors, notably P2Xs and P2 X2, the timing and pattern of 

receptor expression could be closely correlated to key steps in muscle formation, 

implicating these receptors in more specific processes. P2Xs receptor protein was 

detected immediately prior and during secondary myotube formation. Furthermore, in 

late gestation this receptor was mainly localised to the tips of developing myotubes, the 

site of myoblast fusion in secondary myotube formation. In contrast, P2X2 receptor 

expression began late in development, after the majority of myotubes had been formed.
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and continued in early postnatal life. The close correlation between the timing of 

receptor expression and the development of the adult, mature innervation of muscle 

fibres, suggested that this receptor might be involved in regulating this process.

Table 6.1. Summary of purinoceptor expression in skeletal muscle.

SKELETAL MUSCLE CELLS PURINOCEPTOR EXPRESSION

IN DEVELOPMENT P2Xz P2Xs P2Xe
IN VITRO P2X2 P2Xs P2Yi P2 Y4

IN REGENERATION P2X2 P2Xs P2Yi

P2X / P2Y Receptor protein detected by immunohistochemistry or immunocytochemistry
* See Appendix I.

Receptor protein not detected.

Are muscle cultures a valid and useful tool for the study of purinergic 

signalling in skeletal muscle?

Thus, studying purinoceptor expression in developing skeletal muscle provided 

valuable insights into the types of processes in which purinergic signalling was likely to 

be involved, namely myotube formation and maturation. However, purinoceptor 

function is extremely difficult to study in vivo due to the lack o f specific and stable 

agonists and antagonists at the P2 receptors. Fortunately, myotube formation and (to a 

lesser extent) maturation can occur in vitro in a manner analogous to that in vivo, and in 

this system a wider range o f pharmacological and molecular techniques can be applied. 

In fact, the ability o f myoblasts in culture to proliferate, commit to differentiation and 

fuse to form multinuclear myotubes has been a critical factor in improving our 

understanding of many aspects of muscle differentiation, hypertrophy and regeneration.
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The validity of using this approach to study the role of purinergic signalling in 

skeletal muscle formation depended on the extent to which this signalling system was 

conserved in culture: the identities, timing and pattern of receptor subtype expression 

should all be considered. Despite the fact that much of the evidence for the presence of 

purinoceptors on developing skeletal muscle was obtained by studying skeletal muscle 

cells in vitro, this was difficult to assess from past research. Responses to extracellular 

nucleotides were characterised at single time points in culture, generally after formation 

of myotubes. Furthermore, most studies were conducted prior to the cloning of many of 

the P2 receptor subtypes, and relied exclusively on pharmacology to differentiate 

between receptor subtypes.

In the second experimental chapter a variety of techniques, including 

immunocytochemistry, RT-PCR and electrophysiology, were used to investigate 

purinoceptor expression during myotube formation and (to some extent) maturation in 

culture. These experiments demonstrated a marked similarity in the identity, timing and 

pattern of receptor expression during these processes in vitro and in vivo: Skeletal 

muscle cells in culture expressed the P2Xs, P2X2, P2Yi and P2 Y4 receptor proteins 

(Table 6.1). Functional expression of P2X and P2Y receptors on skeletal muscle cells in 

culture was confirmed by patch clamping. Furthermore, purinoceptor subtypes were 

expressed in a similar sequence with the P2Xs receptor expressed first, followed by 

P2X2. In fact, even the distinctive cellular localisation of the P2Xs receptor was repeated 

in culture. Myotubes in vitro (on day 5) expressed P2Xs receptor protein only on the 

“tips” of the cells, in a manner analogous to that in vivo (Fig. 6.1). These findings 

indicated that myotube formation in culture was a useful and physiologically relevant 

model system in which to study purinergic signalling. However, clearly there are 

important differences between formation of myotubes in culture, and the process in 

development.
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6.1. Expression of the P2Xs receptor on rat skeletal muscle.

A, Intercostal muscle at embryonic day 18. B, Myotubes derived from rat skeletal satellite cells on day 5 

of culture. R= rib Bars = 50 p,m.

In this particular culture system, satellite cell-derived myoblasts, as opposed to 

embryonic myoblasts were used to form myotubes. Although activated satellite cells 

behave and are regulated in a similar manner to embryonic myoblasts, it is becoming 

increasingly clear these cells have a distinct developmental origin. A recent study by 

Seale et al. (2000) demonstrated that while Pax7 null mice are capable o f forming 

muscle in embryonic life, they lack satellite cells at birth and are unable to undertake 

postnatal muscle growth. Furthermore De Angelis et al. (1999) reported that cells 

isolated from the embryonic aorta had a similar morphological and genetic profile to that 

of satellite cells, and could participate in the postnatal growth and regeneration of 

skeletal muscle.

Therefore, it would be more accurate to consider the culture system used as a 

model for skeletal muscle regeneration, not development. However, even viewed in this 

way, there are many limitations to the cell culture system. Myotube formation in vitro
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occurred on a laminin-coated plastic surface, as opposed to a complex and organised 

extracellular matrix. Furthermore, this process is normally subject to the influence of 

other cell types, including fibroblasts, bone cells and immune cells, not to mention 

motor nerves. In contrast, the satellite cells and myotubes studied were aneural and great 

pains were taken to ensure the purity of the cultures.

Certainly these differences might explain the expression of P2Xô receptor protein 

in vivo, but not in vitro. However, they also make the observed similarities between 

purinoceptor expression during muscle development in vivo, as compared to 

regeneration in vitro, all the more striking and informative. The fact that purinoceptor 

expression is largely conserved in both these systems revealed that “switching on and 

o ff’ the expression of the P2 receptors is an intrinsic part of the muscle formation 

program and is not dependent on inductive signals from other cell types. Surprisingly, 

this statement even holds with regard to the distinctive cellular localisation of the P2Xs 

receptor (Fig. 6.1).

Studying P2 receptor expression in vitro was also of value in itself. In this 

system: skeletal myotube formation occurred more synchronously than in vivo", whole 

cells as opposed to sections could be viewed; and the process was not complicated by 

the growth of adjacent structures. These factors made the determination of cell 

morphology and the precise location of receptor expression, clear-cut. Thus, it was 

possible to clearly demonstrate that some purinoceptors (notably P2Xs and P2Yi) were 

expressed on mononuclear satellite cells prior to fusion, while others (P2 X2 and P2 Y4) 

were only expressed on multinuclear myotubes.

The differential expression of purinoceptors on satellite cells and myotubes was 

consistent with findings in vivo suggesting that: i) purinergic signalling was involved in 

multiple steps in muscle formation; and ii) particular receptor subtypes might mediate 

effects on particular processes in muscle formation (Fig. 6.2).
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6.2. Diagram to show the skeletal muscle cells involved in muscle formation, and 

the expression of purinoceptors on these cells.

SATELLITE
CELLS

MYOTUBES

MUSCLE
ENDPLATE

MYOFIBRES

W P2X RECEPTORS 
V P2Y RECEPTORS

The first steps in muscle regeneration involve the activities o f the satellite cells. 

On activation these cells proliferate, the myoblasts formed commit to differentiation and 

fuse into multinuclear myotubes. Thus, the clear demonstration of P2X and P2Y 

receptors on myoblasts (by RT-PCR, immunocytochemistry and electrophysiology) 

suggested that purinergic signalling might be involved in regulating these processes. The 

strong expression of P2Xs and P2Yi receptor protein on myoblasts implicated 

homomeric P2X$ receptors and P2Y] receptors, in particular, in the regulation of 

myotube formation.

Although, myotubes resemble adult myofibres (both are multinuclear, contractile 

cells, expressing muscle-specific proteins), there are also many changes that must occur 

in gene expression, cell structure and patterning before mature muscle fibres are formed. 

The expression of particular P2 receptor subtypes on myotubes raised the possibility that
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purinergic signalling might also play a role in these later stages of muscle regeneration. 

Both the P2 X2 and P2 Y4 receptors were expressed exclusively on myotubes. In fact, by 

day 7 in culture, the P2 X2 and P2 Y4 receptor proteins alone were expressed on this cell 

type, indicating that two functional receptors were probably present, homomeric P2X2 

receptors and P2 Y4 receptors.

The fact that ATP is co-released with ACh (Redman and Silinsky, 1994; Silinsky 

and Redman, 1996), and activation of P2 receptors can raise the concentration of 

intracellular Câ "̂  in muscle cells, has led many to interpret purinoceptor expression on 

myotubes purely in the context of neuromuscular transmission. Although, there is 

evidence to suggest that purinergic signalling plays a role in this process (for review see 

Henning et al., 1997), this does not exclude the possibility that extracellular nucleotides 

may also mediate other effects on skeletal muscle cells. In fact, it has becoming 

increasingly clear that: i) contracting myotubes and muscle fibres, in addition to motor 

nerves, may release significant quantities of ATP (Smith, 1991; Cunha and Sebastiao, 

1993; Redman and Silinsky, 1994; Silinsky and Redman, 1996; Hellsten et al., 1998); 

and ii) changes in intracellular Ca^^ concentrations can regulate AChR expression and 

cell hypertrophy, and determine fibre type (Olson and Williams, 2000a; 2000b; Sanes 

and Lichtman, 2001).

In fact, a recent study by Choi et al. (2001) demonstrated that P2Yi receptors can 

regulate the expression of AChR subunits and AChE on skeletal myotubes, and 

suggested that purinergic signalling may play a role in the formation and maintenance of 

skeletal muscle end-plates. While the findings presented in this thesis and in Appendix I 

(with regard to the pattern and timing of P2Y% receptor expression) did not agree with 

Choi et al. (2001), this paper nonetheless represented an important shift in thinking. 

Rather than studying extracellular nucleotides in skeletal muscle as neurotransmitters, 

the role of these signalling molecules in synapse formation was explored.

With this in mind, the pattern of P2 X2 receptor expression in culture was found 

to be particularly interesting. P2 X2 receptor protein was detected in clusters, spread
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across the length of the myotubes, in a manner resembling the expression of AChRs. In 

fact, double labelling myotubes for AChRs and P2X2 demonstrated partial co

localisation of clusters. This finding raised the possibility that extracellular nucleotides, 

acting on P2 X2 receptors, might also be involved in regulating the activity, distribution 

or number of AChRs.

This suggestion is consistent with in vivo studies of P2 X2 receptor expression 

during development, and is supported by a number of studies demonstrating interactions 

between nicotinic AChRs and P2X receptors. In a recent paper, Khakh et al. (2000) 

demonstrated that gating transitions in the P2X2 receptors are communicated to nicotinic 

channels and close substantial proportions of them. This would suggest that activation of 

P2X2 receptors co-localising with AChRs might inhibit AChR activation. In this way 

activation of P2X2 receptors expressed across the length of myotubes and muscle fibres, 

could be a means of silencing extrasynaptic AChR activity and potentiating the removal 

of receptors from the membrane.

Is purinoceptor expression in muscle of functional significance?

Thus, studying skeletal muscle cells in vitro clarified the point that extracellular 

nucleotides could regulate muscle formation by activating purinoceptors expressed on 

two related cell types, activated satellite cells and myotubes. In the third experimental 

chapter, I chose to focus on the former. Using mass satellite cell cultures it was possible 

to assess three key processes in myotube formation: satellite cell proliferation, 

commitment to differentiation and fusion. Application of ATP at concentrations of 10- 

500 pM (to cells maintained in differentiating conditions) was found to affect all three of 

these processes: ATP inhibited cell proliferation, and potentiated differentiation and 

fusion. The pharmacology of this response, and the apparent dependence on the 

expression of P2Xs receptor protein and mRNA strongly suggested that the effects of 

ATP on satellite cell activity were mediated by activation of homomeric P2Xs receptors. 

Although this finding was of greatest significance, application of a variety of agonists
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and antagonists also revealed roles for the P2Y and PI receptors on myoblasts. Since 

there is considerable evidence to suggest that satellite cells are a heterogeneous 

population, it is not clear whether all purinoceptors (P2Xs, P2Y and P I) were expressed 

by all cells in culture or by sub-populations.

6.3. Diagram to show the effects of ATP on satellite cell activity.

PROLIFERATION

•COMMITMENT 
TO DIFFERENTIATION

FUSION

Sataihte cotts

I

I

A  role for the P2X$ receptor in potentiating myoblast differentiation and fusion 

was consistent with the expression o f P2Xs in rat skeletal muscle development and more 

specifically in secondary myotube formation. ATP application potentiated the 

expression of myogenin, an MRF found to be essential for secondary, but not primary 

myotube formation (Venuti et al., 1995). This process is also dependent on nerve 

activity, the most obvious source of ATP in this system. Thus, the expression and 

activation of P2Xs receptors on myoblasts could account for the influence of innervation 

on late myotube formation (McLennan, 1983; Ross et al., 1987; Wilson and Harris, 

1993).
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Furthermore, P2X5-mediated differentiation offered an explanation for the 

dynamic and distinctive expression of this receptor subtype on myotubes. Since these 

cells are formed by the fusion of PZXs-positive myoblasts, myotubes initially expressed 

P2Xs receptor protein across their entire lengths. However, since P2Xs receptor 

expression is not required after fusion, receptor protein is rapidly down-regulated, 

resulting in its disappearance from all regions of the myotubes except sites of continuous 

satellite cell fusion. In vivo where secondary myotube extension involved the organised 

fusion of myoblasts to the two poles of the cells, this resulted in the specific expression 

of P2Xs receptor protein at the tips or ends of the myotube. In vitro, where this process 

was disorganised, the result was multipolar cells expressing the P2Xg receptor at each 

pole. In both cases, as the rate of fusion decreased, so did the expression of P2Xs on 

myotubes. The role of the P2Xs receptor in myotube formation could be confirmed and 

further investigated using myoblasts expressing GFP-tagged P2X5. In this way changes 

in both cell morphology and receptor localisation on treatment with ATP could be 

simultaneously studied.

192



6.4. Diagram to explain the pattern of P2Xs receptor expression on myotubes.

<m

A, Myoblasts express high levels of P2Xs receptor protein. B, Activation of the P2X, receptor potentiates 

fusion o f myoblasts into multinuclear myotubes. These myotubes initially express P2X, receptor protein. 

C, P2Xs receptor expression is down-regulated in myotubes. At the same time, P2X,-positive myoblasts 

continue to fuse with the tips of the myotube. D, This results in continued expression of the P2Xj receptor 

only at sites o f continuous myoblast fusion. E, Ultimately myoblast fusion stops and there is no expression 

of the P2X; receptor in any part of the myotube.

The reported pattern o f P2Xs receptor expression in chick skeletal muscle 

development, at first glance appears less consistent with a role for this receptor in 

potentiating myotube formation (Meyer et al., 1999b; Ruppelt et al., 2001). P2 X5 

receptor expression was detected in chick somites, where myoblasts, far from being 

close to differentiation, are highly proliferative. However, this is unlikely to relate to a 

genuine species difference in the function o f this receptor. Although, there was clear 

expression of P2Xs receptor mRNA (Ruppelt et al., 2001), P2X$ receptor protein was 

only weakly expressed in somites (Meyer et al., 1999b). Furthermore, in contrast to
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myotube formation, which largely occurs in the presence of motor neurons and 

contractile myotubes (both of which have been shown to release ATP), there is no 

obvious source of ATP in the somite.

The effects of ATP on myotube formation should also be considered in the 

context of other signalling systems already known to be involved in this process. 

Myotube formation is a carefully co-ordinated process, regulated by many factors aside 

from ATP. The vast majority of factors identified (see Chapter 1) promote proliferation 

and inhibit differentiation of myoblasts. In fact, ATP and IGFs are two of the few factors 

shown to positively activate differentiation and fusion of myoblasts, suggesting that 

purinergic signalling may play a functionally important role in these processes in vivo.

Signalling systems may interact in an inhibitory, permissive or synergistic 

manner. In the case of purinergic signalling, it was clear from this study that the 

expression of the P2Xs receptor and consequently the differentiating effects of ATP, 

were inhibited in the presence of particular growth factors (contained in PCS), or high 

concentrations of a range of factors. Expression of P2Xg receptor mRNA and protein 

increased when cells were maintained in low serum, as opposed to high serum medium. 

Clearly, further experiments to identify the factor/s involved in inhibiting the expression 

of P2Xs receptor mRNA and protein would be of value.

This study also identified other potential sites for interaction between purinergic 

signalling and other more established signalling systems in muscle regeneration. Strong 

evidence was found to suggest that ATP, in common with IGFs, mediated effects on 

gene transcription and ultimately myotube formation by activating the p38 family of 

MAPKs (Conejo and Lorenzo, 2001; Conejo et al., 2001; Conejo et al., 2002; Chapter 

4). This would suggest that co-application of ATP and IGFs might result in synergistic 

effects on commitment to differentiation and myoblast fusion.

Since maintaining cells in low serum medium can itself increase the activation of 

the p38 MAPK signalling system (Wu et al., 2000; Zetser et al., 1999), it is possible that
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the effects of ATP observed on cells maintained in these conditions may in part be due 

to the synergistic actions of ATP and serum deprivation. Maintaining cells in low serum 

medium may have revealed the effects of ATP on satellite cell activity by both up- 

regulating P2Xs receptor expression and raising the basal level of p38 activity. The latter 

would suggest that ATP acted predominantly as a potentiating factor on cells already 

likely to differentiate. Thus, in order to understand the precise role of the P2Xs receptor 

it would be useful to use molecular techniques, such as transfection and anti-sense 

mRNA, to over- and under-express this receptor in cells with varying levels of basal p38 

activity.

Are purinoceptors potential therapeutic targets for the treatment of 

muscle diseases?

The findings presented in experimental Chapter 3 strongly suggested that 

signalling through a variety of purinoceptors, in particular P2Xg, might be involved in 

muscle regeneration. However, responses to muscle injury in vivo are complex, 

involving a number of different cell types aside from satellite cells and a range of 

signalling systems. Thus, it was far from obvious that the pattern of purinoceptor 

expression detected in vitro would be replicated during muscle regeneration in vivo.

In fact, using the mouse model of muscular dystrophy {mdx), it was possible to 

demonstrate that responses to muscle injury were characterised by the expression of 

many of the same receptor subtypes detected during muscle formation in development 

and in vitro (see Table 1). The P2 X2, P2X5 and P2Yi receptors were all differentially 

expressed in control and mdx tibialis anterior muscle. Whereas these receptors were not 

detected on skeletal muscle cells in control animals, immunohistochemistry 

demonstrated strong expression of receptor protein in damaged and regenerating muscle. 

Since purinoceptor expression was detected on skeletal muscle cells only after the onset 

of muscle degeneration, the re-appearance of this receptor family was likely to be
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secondary to muscle injury and not a direct consequence of the loss of function mutation 

in dystrophin.

As predicted from experiments conducted in vitro, a sub-population of activated 

satellite cells (frequent in mdx muscle) expressed both P2Xs and P2Yi receptor proteins. 

The expression of the P2Xs receptor was also apparent on small myotubes. Again, this 

was consistent with the pattern and function of this receptor as previously observed in 

vitro. In the case of the P2X2 receptor, immunohistochemistry demonstrated high 

receptor expression on myotube membranes and as demonstrated in vitro, receptor 

expression was uneven.

Studying purinoceptor expression in the mouse model of muscular dystrophy 

provided clear evidence that purinoceptors are involved in tissue responses to clinically 

relevant causes of muscle damage. However, muscular dystrophy is a complex disorder, 

involving primary and secondary changes in both skeletal muscle function and 

innervation (for review see De La Porte, 1999). Therefore, in order to clarify the precise 

functions of particular purinoceptor subtypes, it would be useful to study a variety of 

types of muscle injury. Studying the differences in response to direct muscle injury (by 

crush or chemical injection), as compared to nerve damage are likely to be particularly 

instructive with regard to the function of the P2X% receptor. Furthermore, since 

processes such as muscle fibre damage, satellite cell activation and fibre hypertrophy are 

part of the normal response of skeletal muscle tissue to exercise, the role of purinergic 

signalling in normal physiology, as well as pathophysiology should be investigated.

However, determining the functional significance of the P2 receptors in muscle 

regeneration and developing therapies to treat muscle disease based on these findings, 

requires a means of interfering with purinergic signalling in this system. In the absence 

of appropriate pharmacological tools, knockout mice (null for specific P2 receptors) 

represent one way to study purinoceptor function in vivo. While this approach is 

undoubtedly useful, the widespread expression of many purinoceptors throughout the 

body, and at various stages of development (see Chapter 1), could make the muscle
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phenotype difficult to interpret. For example, in the case of the P2Yi knockout mouse, if 

any abnormality in muscle regeneration were revealed (as yet this has not been 

investigated), it would be difficult to determine to what extent this was due to P2Yi- 

dependent events in development, the absence of receptor expression on satellite cells, 

or the role of the P2Yi receptor in immune or vascular function. Other approaches, 

including the creation of conditional knockout mice or the transplantation of genetically 

engineered myoblasts, which interfere with purinergic signalling in skeletal muscle cells 

alone, might prove more instructive.

Can understanding the role of ATP in skeletal muscle teach us 

anything about purinergic signalling in other systems?

Although, this thesis addresses the role of purinergic signalling in skeletal 

muscle some of the findings presented may also shed light on the functions of this 

signalling system in other tissues. The question of whether ATP signalling via the P2Xs 

receptor has a general role to play in promoting cell differentiation is particularly 

important. Certainly the expression of the P2Xs receptor in a number of adult tissues, 

characterised by a high cell turnover and an on-going requirement for cell 

differentiation, supports this hypothesis: Immunohistochemistry has been used to 

demonstrate the expression of P2Xs receptor protein in the differentiating cell layers of 

stratified squamous epithelia and in the adult rat testis (Groschel-Stewart et al., 1999; 

Bardini et al., 2000; Glass et al., 2001). Furthermore, recent findings demonstrating that 

at least a sub-population of skeletal muscle satellite cells express cell markers 

characteristic of other tissue types (notably endothelial cells and bone) and that these 

cells are multipotent, may also support the concept that any findings on the role of ATP 

in skeletal satellite cells can be generalised to at least some other cell types (De Angelis 

et al., 1999; Wada et al., 2002).

An understanding of the role of purinergic signalling in cell differentiation may 

also provide insights into the anti-cancer activities of ATP. ATP administration has been
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shown to be effective in inhibiting tumour growth in vitro and in murine tumour 

systems, and relieving cancer cachexia in patients with advanced non-small-cell lung 

cancer (for review see Agteresch et al., 1999; Bumstock and Williams, 2000). Although 

the effects of ATP have largely been attributed to the induction of apoptosis in cancer 

cells, some of the findings reported could also be explained by the potentiation of cell 

differentiation and consequent inhibition of cell proliferation. In fact, the first 

demonstration of the anti-cancer activity of adenine nucleotides showed that 

extracellular nucleotides, rather than being cytotoxic, inhibited cell proliferation in 

transformed cell lines (Rapaport, 1983). While the P2 receptor responsible for the 

cytostatic effects of ATP on cancer cells has not been identified, P2Xs receptors could 

be candidates in some cell types and this possibility should be investigated.

Although the findings presented in this thesis have answered some of the 

questions concerning the expression and function of P2 receptors in skeletal muscle, 

they have clearly raised many others. This thesis is only a start. I hope my research will 

open the way for further studies into the role of purinergic signalling both in skeletal 

muscle, and more generally in tissue formation and maintenance.
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APPENDIX I

ABUNDANT AND CHANGING EXPRESSION OF G 

PROTEIN-COUPLED P2Y RECEPTORS IN 

MAMMALIAN DEVELOPMENT

Kwok-Kuen Cheung, Mina Ryten and Geoffrey Bumstock

INTRODUCTION

Extracellular nucleotides evoke responses by activation of two families of 

purinoceptors, namely the P2X and P2Y receptors (Abbracchio and Bumstock, 1994). 

Whereas P2X receptors are ligand-gated ion channels, P2Y receptors are G protein- 

coupled receptors. Seven P2Y receptor subtypes have been cloned to date in mammals 

(P2Yi, 2 . 4 , 6 , 11 , 12 , is)- These receptors couple predominantly to phospholipase C 

activation, leading to the formation of inositol phosphate and mobilization of 

intracellular Ca^^ (Ralevic and Bumstock, 1998; Vassort, 2001). In addition to increased 

intracellular Ca^^, a variety of signal transduction pathways, involving PKC, 

phopholipase A2 and the MAPKs, mediate the effects of P2Y receptors. Thus, activation 

of the P2Y receptors can cause long-term, trophic effects on cell activity (Neary et al., 

1996; Abbracchio and Bumstock, 1998, Bumstock, 2002a).

P2Y receptors have been implicated in the regulation of cell proliferation and 

differentiation. Activation of P2Y receptors on a variety of cell types, including 

astrocytes and vascular smooth muscle cells, results in cell proliferation (Bumstock, 

2002b; Neary et al., 1998; 1999; 2000). In contrast, activation of the P2Yu receptor has
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been strongly implicated in neutrophil differentiation (Jiang et al., 1997; Conigrave, 

1998; Communi et al., 2000). Although these findings strongly suggest a role for 

purinergic signalling in development, there have been few studies focusing on the 

expression and function of P2Y receptors in embryonic and postnatal development.

The xenopus P2Y receptor, the XIP2Y (also called P2Yg), was shown in the 

neural plate during neuralation, but not detected after neural tube closure (Bogdanov et 

al., 1997), suggesting a role for this receptor in the process of neuralation. More 

recently, expression of P2Yi receptor (cP2Yi) mRNA and protein has been 

demonstrated during chick embryonic development (Meyer et al., 1999a; Choi et al., 

2001). Meyer et al. (1999a) reported strong expression of cP2Yi receptor mRNA in 

undifferentiated limb mesenchyme cells, but expression was lost as the cells 

differentiated. The same group also demonstrated that ATP acting via cP2Yi, 

significantly inhibited cartilage formation in micromass cultures (Meyer et al., 2001).

These studies are limited to the P2Yi and P2Yg receptors. Other P2Y receptor 

subtypes have rarely been studied in development, and none have ever been studied in 

mammalian in vivo development. In this paper we used RT-PCR and 

immunohistochemistry to investigate the expression of four P2Y receptors, P2Yi, P2Y%, 

P2 Y4 and P2Yô, in rat embryonic and postnatal development. Expression of all the P2Y 

receptors cloned in rat to date was studied by RT-PCR. In addition, using specific 

antibodies that have only recently become commercially available, the localization of 

P2Yi, P2Y% and P2 Y4 receptor proteins was investigated. Thus, it has been possible to 

demonstrate for the first time, the abundant and dynamic expression of P2Y receptors in 

mammalian development.
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MATERIALS AND METHODS

RT-PCR

Total RNA was extracted from fresh embryonic tissues at E l l ,  E12, E14 and 

E l8 using SV Total RNA Isolation system (Promega, WI, USA). Reverse transcription 

and cDNA amplification for all the P2Y receptors was carried out with a thermal cycler 

(Hybaid, UK) in a two-step protocol using Ready-To-Go RT-PCR Beads (Amersham 

Pharmacia biotech, UK). Every sample was further treated with Amplification Grade 

DNase I (Sigma, UK) to remove any residual DNA present that could generate false 

positive results. Briefly, Ifxg of total RNA was reverse transcribed using the pd(T)i2-i8 as 

the first-strand primer at 42°C for 30 min and the enzyme was denatured at 95°C for 5 

min. The sequence specific primers (Life Technologies, NY, USA) for P2Y receptors 

(Bailey et al., 2000; 2001) were then added to the reaction mixtures and the PGR cycling 

parameters were 95°C for 30 s, 58°C for 1 min (58°C for P2Y%, 60°C for P2Y% and 

P2Ye, 64°C for P2 Y4), 72°C for 1.5 min for 35 cycles (40 cycles for P2 Y4), followed by 

a further stage of 10-min extension at 72°C. The resulting PGR products were resolved 

in a 2% agarose gel containing ethidium bromide and observed under ultraviolet 

illumination. At least 3 separate RT-PGR experiments were performed for each P2Y 

receptor on each individual embryonic tissue.
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Tissue preparation

The embryonic expression of P2Y receptor proteins was studied in Sprague- 

Dawley rat embryos of ElO.5-18.5 using fluorescence immunohistochemical techniques. 

The day of identification of the presence of a vaginal plug was designated as embryonic 

day zero (EO). Pregnant Sprague-Dawley rats were killed by asphyxiation with a rising 

concentration of CO2 (between 0 % and 1 0 0 %) and death was confirmed by cervical 

dislocation according to Home Office (UK) regulations covering schedule one 

procedures. Embryos collected were either freshly cryo-embedded or fixed in 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.2) at 4°C. Fixed embryos were 

cryoprotected in 20% sucrose until they sank. The embryos were embedded in Tissue- 

Tek and kept at -80°C until cryosectioning. Tibialis anterior muscles from both 3 -week 

and 2-month old animals were collected and freshly embedded in Tissue-Tek. Frozen 

sections (1 2  ^m) were cut in a cryostat and mounted.

Immunohistochemistry

Air-dried sections were post-fixed with 4% paraformaldehyde in O.IM phosphate 

buffer for 2 min at room temperature. Non-specific binding sites were blocked by 

incubating sections in 10% normal horse serum (NHS) in phosphate buffered saline 

(PBS) for 1 hour. The sections were then incubated with primary antibodies, diluted in 

10% NHS in PBS, overnight at room temperature. The primary antibodies used were 

rabbit anti-P2 Yi,2,4 (diluted 1:200 for P2Yi; 1:100 for P2 Y4; Alomone, Israel), rabbit 

anti-PGP9.5 (UltraClone LTD, UK), mouse anti-a-smooth muscle actin (1:400, Sigma, 

UK) and mouse anti-MF20 (1:100, Developmental Studies Hybridoma Bank). For 

labelling of ACh receptors, sections were incubated with Texas Red-conjugated a- 

bungarotoxin (1:800, Sigma, UK). The sections were washed in O.IM PBS and 

incubated for 1 hour at room temperature in either FITC-conjugated or Cy3-conjugated 

secondary antibodies (Jackson Immunoresearch, USA). In immunohistochemical
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experiments using 3,3’-diaminobenzidine (DAB) to perform a colour reaction, the 

procedures were performed according to the protocol previously described in Ryten et 

al, 2 0 0 1 .

For control experiments, the sections were incubated with the primary antibodies 

pre-absorbed with the control peptide antigens or with NHS only. In order to distinguish 

between specific and non-specific immunoreactivity, pre-absorption experiments were 

performed for P2Y receptors on all tissues and at every developmental stage examined. 

Only immunostaining, which could be displaced by pre-absorption with the relevant 

peptide, was reported as positive immunoreactivity.

All images of immunohistochemical staining were taken with the Leica DC 200 

digital camera (Leica, Switzerland) attached to a Zeiss Axioplan microscope (Zeiss, 

Germany).

203



RESULTS

RT-PCR for P2Y receptors

Using RT-PCR, the developmental expression profiles for P2Yi, P2 Y2, P2 Y4 and 

P2Yô were studied in rat embryos (Fig. I.l, Table I.l and Table 1.2). All the P2Y 

receptor subtypes examined were detected as early as embryonic day 11 (E ll)  and 

mRNA transcripts were present throughout development (E12-E18). From E l l  onwards, 

clear bands were observed for P2Yi and P2 Y4 mRNA transcripts (Fig I.l) P2 Y2 

receptor expression was very weak at E l l ,  but became progressively stronger with 

development. Although P2Yô receptor expression was present as early as E ll ,  

expression was only barely detectable and strong expression was observed only at E18.

In order to determine more precisely the location of P2Y receptor expression, 

brain, heart, liver, lung and muscle were taken from both E14 and E l 8 embryos for RT- 

PCR analysis (Fig. I.l, Table 1.2). All embryonic tissues examined expressed at least 

one P2Y receptor subtype. However, different embryonic organs demonstrated different 

P2Y receptor profiles. For example, at E14 only P2 Y4 receptor mRNA was detected in 

the brain, whereas P2Yi, P2 Y2 and P2 Y4 were expressed in lung, and all the P2Y 

receptors tested (P2Yi, 2, 4, e) were expressed in heart. Furthermore, the expression of 

P2Y receptor mRNA was up- and down-regulated during the course of embryonic 

development. In the brain, no P2Yi was detected at E14, but at E l8 , RT-PCR 

demonstrated strong expression. Similarly in muscle, P2Ye expression only began at 

E18. In contrast, whereas P2 Y4 was expressed in the lung at E14, no P2 Y4 transcripts 

were detected at E l8 .
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Immunohistochemistry demonstrated expression of P2Yi, P2Y2 and

P2 Y4 receptor protein in somites

P2Y receptor immunoreactivity was first detected in embryos at E ll .  At this 

stage P2Yi and P2 Y4 receptor proteins were detected in the somites. P2 Y4 showed a 

widespread expression whereas P2Yi immunoreactivity was relatively restricted (Fig. 

1.2 A, C and D). The P2Yz receptor was also expressed in the somites at E12 (Fig. 1.3

A), a day later than the expression of P2Yi and P2Y4. By using MF20 as a marker for 

the myogenic cells of the dermomyotome (Fig. 1.3 B), the expression of all the P2Y 

receptors was demonstrated specifically in this area of the somite. As in the case of P2Yi 

and P2 Y4, double labelling for P2 Y2 and MF20 showed complete co-localization of 

these proteins in the dermomyotome as opposed to the sclerotome (Fig. 1.3 C).

Immunohistochemistry demonstrated expression of P2Yi, P2Y% and 

P2 Y4 receptor protein in skeletal muscle

Consistent with the expression of P2Y%, P2 Y2 and P2 Y4 in the dermomyotome, 

the primitive skeletal muscle masses were also immunopositive for these P2Y receptors 

(Fig. 1.2 B, E and F). However, in the case of the P2Yi and P2 Y2 receptors, expression 

was not maintained. By E l8 , no P2Yi or P2 Y2 immunoreactivity was detected in 

skeletal muscle fibres (Fig. 1.2 G). In contrast, at this stage strong P2 Y4 receptor 

expression was found in all skeletal muscle masses (Fig. 1.2 H).

Examination of postnatal skeletal muscles (3-week and 2-month old rats) 

demonstrated the down-regulation of P2 Y4 receptor expression. Immunoreactivity for 

P2 Y4 was detected only in the peripheral muscle fibres. P2Yi and P2 Y2 receptor 

expression was detected in cells in between muscle fibres. The smooth muscle layer of 

blood vessels showed strong P2Y% receptor staining (Fig 1.3 D), as identified by double 

labelling with smooth muscle actin (data not shown). The P2 Y2 receptor was expressed 

in scattered cells adjacent to the skeletal muscle fibres (Fig 1.3 E). While the identity of
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the cells was not confirmed, this expression pattern would suggest that these cells were 

skeletal muscle satellite cells. None of the P2Y receptors showed any immunoreactivity 

at the NMJ (identified by staining with Texas Red-labelled a-bungarotoxin) in either the 

prenatal or postnatal skeletal muscle examined (Fig 1.3 D-F).

Immunohistochemistry demonstrated expression of only P2Yi and 

P2 Y4 receptor protein in the brain

Consistent with RT-PCR results, which demonstrated the expression of P2 Y4 

receptor mRNA alone at E14, only P2 Y4 receptor protein was detected in embryonic 

brain at this age (Fig. 1.4 A- F). Receptor expression was demonstrated in the olfactory 

system, diencephalons, amygdala and brainstem. In the olfactory system, P2 Y4 receptor 

staining was detected in the olfactory nerve and lateral olfactory tract (Fig. 1.4 A and

B). In the diencephalons, expression was restricted to the anterior hypothalamus, dorsal 

geniculate nucleus and lateral hypothalamic area (Fig. 1.4 C and D). In the amygdala, 

only the cortical amygdaloid nucleus showed P2 Y4 receptor expression (Fig. 1.4 D). 

P2 Y4 receptor expression in the brainstem was widespread. The midbrain, pons and 

medulla all showed P2 Y4 receptor immunoreactivity (Fig. 1.4 E and F). The cerebral 

cortex, the basal ganglia, the hippocampus and the cerebellum did not show any P2 Y4 

receptor staining at E14.

Expression of P2 Y4 receptor protein was not maintained in all parts of the brain 

postnatally. In the neonatal brain (postnatal day 1, PI), P2 Y4 receptor expression 

disappeared from the midbrain, isthmus and medulla. However, receptor protein was 

still detected in the olfactory system, the amygdala, the diencephalons and the pons. In 

addition, areas such as the septum and the neuroepithelium (adjacent to the ventricles), 

which had previously not showed any staining for P2 Y4 became immunopositive for this 

receptor (Fig. 1.4 G and H). Consistent with the up-regulation of P2Y% receptor mRNA 

in late embryonic development, P2Yi receptor protein was also detected in the PI brain.
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Receptor expression was restricted to the cerebral peduncle (Fig. 1.4 I). As would be 

predicted from RT-PCR no P2 Y2 receptor protein was expressed at any stage examined.

Immunohistochemistry demonstrated expression of P2Y receptor 

protein in the spinal cord and peripheral nervous j system
I

P2Yi, P2 Y2 and P2 Y4 receptor proteins were all expressed in the neural tube and 

peripheral nervous system from E12. At this stage, P2Yi receptor protein was detected 

in the floor plate of the spinal neural tube (Fig. 1.5 A). Subsequently, expression was 

detected in the ventral commissure of both E14 and E l8 spinal cord (Fig. 1.5 B). P2Yi 

receptor protein was also detected weakly in the grey matter, but not the white matter at 

E l8 (Fig. 1.5 B). The P2 Y2 receptor was first detected in the spinal motor nerves in E l2 

embryos (Fig. 1.5 C). At E14, P2 Y2 receptor protein was expressed heavily in the white 

matter of the intermediate and ventral horns, and the dorsal column of the spinal cord 

(Fig. 1.5 D). The grey matter showed clear but relatively weaker P2 Y2 

immunoreactivity. This pattern of expression was maintained in late embryonic 

development (Fig. 1.5 E). P2 Y4 immunoreactivity was first weakly detected in the 

ventral horn of the spinal neural tube at E l 2. Staining for P2 Y4 in the ventral horns 

increased in strength at E14. Both the spinal motor neurons and the white matter showed 

immunoreactivity for this receptor (Fig. 1.3 G). However, double labelling with the 

neural marker PGP9.5 showed that P2 Y4 was not expressed in any of the peripheral 

nerves (Fig. 1.3 G-I). In the E l8 spinal cord, P2 Y4 expression disappeared from the 

ventral white matter and was only weakly expressed in the grey matter (Fig. 1.5 F).
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Immunohistochemistry demonstrated expression of P2Y receptor

proteins in the embryonic cardiovascular system, liver, lung and lens

P2Yi, P2 Y2 and P2 Y4 receptor proteins were strongly expressed in the 

cardiovascular system, liver, lungs and lens. The P2Yi, P2 Y2 and P2 Y4 receptors were 

first weakly expressed in the heart at E l l  and expression became stronger at B12 (Fig.

1.6 A and B) Immunostaining was localized to both the primitive atria and ventricles at 

this stage. By E14, the P2Y receptors (P2Yi, P2 Y2 and P2 Y4) were detected only in the 

atria and the inner trabecular layer of the ventricles (Fig. 1.6 C). The outer myométrial 

layer and the interventricular septum showed either weak or no expression. At E l8 , 

P2Yi, P2 Y2 and P2 Y4 receptor expression was restricted to the atria and the inner 

trabecular layer of the ventricles. No P2Y receptor proteins were detected in the 

myometrium and interventricular septum (Fig. 1.6 D). In the case of P2Yi, receptor 

protein was also detected in the blood vessels from E l2 onwards (Fig. 1.6 E and F). 

Expression was localized in the smooth muscle layer of the dorsal aorta.

P2Y receptor expression in the liver began at E14 (Fig. 1.7 A). At this stage only 

the P2Yi receptor was expressed. By E l8 , P2 Y2 receptor expression could also be 

detected. Whereas the P2Yi receptor showed distinct staining in scattered cells, very 

weak P2 Y2 receptor expression was detected in the general embryonic liver parenchyma 

(Fig. 1.7 B). The P2 Y4 receptor was not detected in the liver in any of the stages 

examined.

In the lung, the smooth muscle layer beneath the bronchial epithelium showed 

P2Yi receptor immunoreactivity weakly in E14 and clearly in E l8 embryos (Fig. 1.7 C). 

The P2 Y2 receptor was not expressed in the lung until E l 8 . Some, but not all, of the 

epithelial cells of the bronchus within the fetal lung showed P2 Y2 immunoreactivity 

(Fig. 1.7 D). P2 Y4 receptor expression was absent from the lung (Fig 1.7 E).
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The P2Yi receptor was strongly expressed in the primary lens fibres at E14 (Fig.

1.7 F). Although these fibres differentiate from the epithelial cells in the anterior part of 

the lens (between the lens capsule and the elongating primary lens fibres), the epithelial 

cells showed no P2Yi receptor immunostaining. Immunoreactivity for the P2Y1 receptor 

was maintained in the lens fibres postnatally (Fig. 1.7 G). At this stage, the P2Y4 

receptor was also expressed in the lens fibres, but was absent from lens epithelial cells 

(Fig. 1.7 H). No P2Y2 receptor expression was detected in the lens at any stage 

examined.
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Figure I.l.

RT-PCR analysis to investigate the expression of P2Y|, PZYi, P2 Y4 and P2Yt 

receptor transcripts during rat development from embryonic day 11 (El l )  to E18.

Total RNA from whole embryos (El l ,  E12, EM and E l8 ) or isolated embryonic organs 

(brain, heart, liver, lung and muscle) was extracted and subsequently used for RT-PCR 

experiments.
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Table I.l.

Summary of the expression of P2Yi, P2Y2, P2Y4 and P2Yô receptor mRNA at 

different developmental ages (E ll, E12, E14 and E18).

Note that all the P2Y receptors were expressed as early as E l l .  Clear expression of both 

P2Yi and P2 Y4 receptor transcripts were detected throughout the development from E l l  

to E l8. P2 Y2 receptor transcripts showed a gradual increase in intensity during 

development. P2Yô receptor transcripts remained barely detectable at E l l ,  E12 and E14 

and strong expression was only detected at E l8.

Table 1.2.

Summary of the expression of P2Yi, P2Y2, P2Y4 and P2Yg receptor mRNA in 

brain, heart, liver, lung and skeletal muscle taken from E14 and E18 embryos.

In the brain, P2 Y4 receptor was expressed in both E14 and E l8, whereas the P2Yi 

receptor transcript was not detected until E l8. P2 Y2 and P2Yô receptor transcripts were 

not expressed in either E14 or E l8 brain tissue. In the heart and liver, all the P2Y 

receptor transcripts were detected in both E14 and E l8 embryos, with barely detectable 

expression of the P2 Y4 receptor in E l8 livers. In the lung, P2Yi and P2 Y2 receptors was 

expressed in both E14 and E l8 embryos. P2 Y4 receptor transcript was detected in E14 

lung but not in E l8 lung, and the P2Y6 receptor was barely detectable in E l8 muscle. 

The P2Yi, P2 Y2 and P2 Y4 receptors were present in both E14 and E l 8 embryonic 

muscle, whereas P2Y6 receptor transcript was expressed in E l 8 but not E14 muscle. 

Key: (+) indicates clear positive bands, (-) indicated absence of expression and (+/-) 

indicates barely detectable bands.



Table LI.

E l l £ 1 2 £ 1 4 £ 1 8

P2Yi + + + HK

P2Yz -f-/- + + +

P 2 Y 4 + -f + -f

P 2 Y ( + / - + / - + / - 4-

Table L2.

Brain

E14 E18

Heart

E14 E18

Liver

E14 E18

Lung

E14 E18

Muscle

E14E18

P2Y| + + + 4- + + 4- 4" 4-

P2Yî • +  4- 4- + + 4- 4- +

P2Y4 + + 4- 4- 4- 4-/- 4* 4" +

P2Y( — - +  4- 4- 4- - +/- 4-
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Figure 1.2.

Immunoreactivity for P2Y receptors in somites and developing skeletal muscle.

A, Transverse section with haematoxylin and eosin staining showing the morphology of 

E l 1 somites (sm). B, Transverse section showing haematoxylin and eosin staining of an 

E14 embryo at the mid-liver level. The rectangular insert shows an area of developing 

skeletal muscle. C, Transverse section at high magnification showing limited P2Yi 

receptor expression in E l l  somites (sm). D, Transverse section at high magnification 

showing widespread P2 Y4 receptor expression in E l l  somites (sm). E, Higher 

magnification (of the rectangular insert shown in B) demonstrating P2Yi receptor 

expression in the skeletal muscle mass (skm). F, Higher magnification (of the 

rectangular insert shown in B) demonstrating P2 Y4 receptor expression in the skeletal 

muscle mass (skm). G, H, Transverse sections of E l 8 embryo showing the intercostal 

muscle between ribs (rb). The P2Yi receptor was not detected in the skeletal muscle 

fibers (G), whereas strong P2 Y4 receptor immunoreactivity (H) was detected in the 

intercostal muscle. Bar = 50pm (C, D), 200pm (A, E-H) and 750pm (B).
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Figure 1.3.

Immunofluorescence of P2Y receptors during skeletal muscle development.

A, Transverse section showing P2 Y2 receptor immunoreactivity (green) in E12 

dermomyotomes (dm). B, The same tissue section also showed immunoreactivity for 

MF20 (red), a marker of the dermomyotome. C, Double labeling showing that the P2 Y2 

receptor and MF20 were co-expressed in the dermomyotome (yellow). D-F, Double 

labeling experiments for P2Y receptors (green) and acetylcholine receptors (red) on the 

tibialis anterior muscle of 3-week old animal. D, P2Y1 receptor immunoreactivity was 

localized at the smooth muscle layer of the blood vessel (bv) between the skeletal 

muscle fibers. P2Yi receptor protein was not detected in any of the skeletal muscle 

fibers. E, P2 Y2 receptor immunoreactivity was detected in scattered cells (arrowhead) 

located between skeletal muscle fibers. F, P2 Y4 receptor protein was detected on the 

membranes of the peripheral, but not the central muscle fibers. None of the P2Y 

receptors were detected at the neuromuscular junctions, as demonstrtaed by 

acetylcholine receptor expression (red). G, Transverse section showing P2 Y4 receptor 

immunoreactivity (green) in the spinal cord of an E14 embryo. Note that the P2 Y4 

receptor was expressed in the ventral spinal cord and that stronger staining was observed 

in the white matter as compared to the the gray matter. Arrows showing the spinal 

nerves emerging from dorsal and ventral horns. H, PGP9.5 immunoreactivity (red) on 

the same section (G). I, Double labeling showing the co-localization (yellow) of the 

P2 Y4 receptor and the PGP9.5 in the ventral spinal horn but not the dorsal spinal cord. 

Note that both the sensory and motor spinal nerves extending from the dorsal and ventral 

spinal cord did not express P2 Y4 receptor, indicated by the presence of red color only 

(arrows). J, Transverse section showing expression of the P2 Y4 receptor (green) in 

embryonic skeletal muscle (skm). K, PGP9.5 stains nerves (red) innervating the muscles 

in the same section. L, Double labeling experiment showing that P2 Y4 receptor protein 

was expressed in the muscles only but not the nerves innervating the muscles. Bar = 

100pm (A-C), 50pm (D-F), 200pm (G-L).
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Figure 1.4.

P2Y receptor immunoreactivity in embryonic and neonatal rat brain.

Coronal sections of an E14 embryonic brain are shown in an antero-posterior direction 

(A-F). A, B, P2 Y4 immunoreactivity was detected in the olfactory tubercle (A, ot) and 

the lateral olfactory tract (B, lot). C,D, In the diencephalon, P2 Y4 receptor protein was 

expressed in the anterior hypothalamus (C, ah), the dorsolateral geniculate nucleus (D, 

dgn) and the lateral hypothalamic area (D, Ih,). The cortical amygdaloid nucleus also 

stained for P2 Y4 (D, ca,). E, F, In the brainstem, the P2 Y4 receptor expression was 

detected in the midbrain (E, mb), the pons (E, pn), the isthmus (F, is) and the medulla 

(F, md). G, H, Coronal sections of a neonatal rat brain showing P2 Y4 receptor 

immunoreactivity in the septum (G) and the neuroepithelium adjacent to the ventricles 

(H). I, Coronal section showing P2Yi receptor immunoreactivity in the cerebral 

peduncle. Scale bar = 500pm (A-F), 100pm (G) and 200pm (H-I).



m

Â  :^ -% V m * ‘

%wer-

214



Figure 1.5.

Immunohistochemical expression of P2Y receptors in the embryonic nervous 

system.

A, Transverse section of E l2 embryos (at the level just caudal to the hindbrain neural 

tube) showing P2Yi receptor immunoreactivity specifically located in the floor plate 

region (fp, arrow). B, Transverse section showing P2Yi receptor expression in the 

ventral commissure (arrowhead) of the E l8 spinal cord. Note the very weak P2Yi 

immunoreactivity in the gray matter. C, Transverse section of E l2 embryos 

demonstrating P2Y2 receptor expression in spinal nerves (arrows). D, In E14 spinal cord 

P2 Y2 receptor protein was heavily expressed in the white matter of the ventral horns and 

in the peripheral nerves. The gray matter also stained waekly for the P2 Y2 receptor. E, 

At El 8, widespread P2 Y2 receptor expression was detected in the spinal cord, with very 

strong immunoreactivity in the white matter of the intermediate and ventral horns. F, 

The P2 Y4 receptor was expressed in the gray matter of the spinal cord at E l8. Weak 

staining was also observed in the white matter at this stage. Bar = 50pm (A), 200pm 

(C), 450pm (B, E-F) and 750pm (D).
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Figure 1.6.

Immunoreactivity for the P2Y receptors in the embryonic cardiovascular system.

A, Transverse section showing the expression of the P2 Y2 receptor in the developing 

heart at E12. B, Transverse section showing the expression of the P2 Y4 receptor in the 

developing heart at E12. C, D, Transverse sections showing P2 Y4 receptor 

immunoreactivity in the hearts of E14 (C) and E l8 (D) embryos demonstrate that the 

P2 Y4 receptor was specifically expressed in the trabeculated layer of the ventricles and 

atria of the developing hearts. The interventricular septum (ivs) in E l8 heart did not 

show P2 Y4 receptor expression. E, F, Transverse sections showing P2Yi receptor 

immunoreactivity in the smooth muscle layers of dorsal aorta at E12 (E) and E l8 (F). 

Bar = 200pm (A, B), 450pm (C), 750pm (D), 50pm (E) and 200pm (F).
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Figure 1.7.

Immunoreactivity of P2Y receptors on embryonic liver, lung and lens.

A, B, Transverse sections showing P2Yi receptor expression in E14 (A) and E18 (B) 

livers. The P2Yi receptor was expressed weakly in E14 (A) and clearly in E l8 (B) liver. 

Scattered cells showed clear P2Yi receptor immunoreactivity in E l8 liver. C, D, E, 

Transverse sections showing P2Yi (C), P2Y2 (D) and P2 Y4 (E) receptor-stained E l8 

lung tissues. Note that the P2Yi receptor was expressed in the smooth muscle layer of 

the bronchi (C, arrows) and the P2 Y2 receptor expressed in the epithelial cells (D, 

arrows). The P2 Y4 receptor was not expressed in the lung (E). F, G, Transverse sections 

of the lens at E14 (F) and PI (G) show that the P2Yi receptor was expressed in the 

elongating lens fiber cells (If), but not the epithelial cells (ep) inside the anterior capsule 

of the developing lens. H, The P2 Y4 receptor was also expressed in the elongating lens 

fiber cells at PI (If). Bar = 200pm (A-E), 50pm (F), 100pm (G) and 50pm (H).



! ^ ;3 3 r v  - 'y  . f  • -

w _ # ; &  -  -s / % '

mti-YÎ.1
*i,

f * "~3

%.

- . X

..x^

'-<1 k.r V * t

r / '

f \

*»Trt.’’

/
' % .

ep

217



DISCUSSION

Despite the fact that P2Y receptors have been shown to regulate cell proliferation 

and differentiation, key processes in tissue formation, few studies have investigated the 

expression and function of P2Y receptors in embryonic development. Prior to this study, 

the expression of the P2 Y2, P2 Y4 and P2 Yô receptors had never been investigated in 

development and none of the P2Y receptors had ever been studied in mammalian 

development. Using RT-PCR and immunohistochemistry, it was possible to demonstrate 

the abundant and dynamic expression of the P2Yi, P2 Y2, P2 Y4 and P2Yg receptors in 

many tissues and organs, including skeletal muscle, heart, brain, spinal cord, liver, lung 

and lens, in rat embryonic and postnatal development. The pattern and timing of receptor 

expression strongly suggested a role for these receptors in development.

All the P2Y receptors studied were expressed as early as E ll ,  when most 

embryonic organs far from being functional, were still in the process of being formed. 

Furthermore, P2Y receptor proteins were strongly expressed in temporary, 

developmental structures, including the somites (P2Yi, P2 Y2 and P2 Y4) and the floor 

plate of the neural tube (P2Yi). While both these structures play an essential role in 

embryonic development, the floor plate in patterning the ventral neural tube and the 

somites in the formation of mesodermal tissues, neither are retained. P2Y receptors were 

also dynamically expressed, with receptor mRNA and protein being both up- and down- 

regulated. The down-regulation of the P2Yi, 2 and 4 receptor proteins in skeletal muscle 

and heart, and the disappearance of the P2 Y4 receptor from the brainstem and ventral 

white matter of the spinal cord postnatally demonstrated that many P2Y receptors were 

developmentally regulated and were involved in functions specific to embryonic life. 

Thus these findings strongly suggest that while there are many well-recognized 

functions for P2Y receptors in mature, adult tissues, P2Y receptors may also play a role 

in tissue formation and development.
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SKELETAL MUSCLE

The transient expression of the P2Yi, P2 Y2 and P2 Y4 receptors in skeletal 

muscle strongly suggests a role for these receptors in the formation and differentiation of 

skeletal muscle. The onset of P2Yi and P2 Y4 receptor expression (E ll)  was similar to 

that of MyoD and Myf5, the two myogenic transcription factors responsible for defining 

the muscle precursor cells (myoblasts) (Buckingham, 2001). The P2Y% receptor was 

expressed a day later (E12) in the dermomyotome. P2Y receptor expression in muscle 

was not maintained. Staining for the P2Yi and P2 Y2 receptors disappeared by E l8 and 

P2 Y4 receptor expression was down-regulated postnatally. These findings suggested that 

while the P2Y receptors were unlikely to be involved in myogenic specification, these 

receptors could regulate subsequent processes in muscle formation including the 

proliferation of myoblasts, migration or fusion to form primary and secondary myotubes 

(Buckingham, 2001). In fact, a recent study by Ryten et al. (2002) demonstrates that 

myoblast proliferation in vitro can be potentiated by application of UTP, an agonist at 

both P2 Y2 and P2 Y4 receptors. P2Y receptors have also been implicated in the migration 

of a number of cell types, including vascular smooth muscle cells and human dendritic 

cells (Idzko et al., 2002; Pillois et al., 2002).

The pattern of P2Y receptor expression in skeletal muscle also suggested a role 

specifically for the P2 Y4 receptor in myotube maturation and differentiation. P2 Y4 

receptor expression was maintained during postnatal development of muscle fibres, 

which included muscle fibber hypertrophy, fibre-type determination and maturation of 

the NMJ. Since these processes are largely dependent on changes in intracellular Câ "̂  

concentration and P2Y receptor activation will result in the mobilization of intracellular 

calcium, this receptor has the potential to be involved in any of these processes (Olson 

and Williams, 2000a; 2000b; Sanes and Lichtman, 2001). However, since neither the 

P2 Y4 receptor, nor for that matter the P2Y% and P2 Y2 receptors, were found to be 

expressed specifically at the NMJ, it is more likely that P2 Y4 receptor activation plays a 

role in muscle fibre hypertrophy or fibre-type determination. While these findings do not 

entirely agree with a recent study by Choi et al. (2001), they are consistent with the work
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of Meyer et al. (1999a). Choi et al. (2001) have demonstrated the up-regulation of the 

P2Yi receptor during the course of embryonic muscle development in chick and 

expression of P2Yi receptor protein at the adult NMJs in chick and rat, whilst our 

findings and those of Meyer et al. (1999) suggest that this receptor is down-regulated in 

development and is not expressed at the NMJ.

HEART

The dynamic expression of the P2Y receptors in embryonic heart also suggested 

a role for these receptors in the development of cardiac muscle. Immunoreactivity for 

the P2Yi, P2Y% and P2 Y4 receptors was detected in both the primitive atria and 

ventricles of the embryonic heart from E ll ,  just before trabeculations first become 

evident along the inner myocardial layers (El 1.5) (Sedmera et al., 2000). At E14, when 

trabeculations develop and become compressed within the ventricular wall, P2Y 

receptor expression was restricted to the trabeculated layers of the atria and ventricles, 

no immunoreactivity being found in the compact layer of the ventricular myocardium. 

Consistent with previous reports, P2Y receptors were down-regulated with further 

development (Webb et al., 1996).

Since formation of the trabeculated layer of the heart and its fusion with the 

compact layer is vital to heart development, the expression of the P2Y receptors in the 

trabeculated layer specifically, is likely to be of functional significance. Fusion of the 

trabeculated layers to the compact layers triggers an increase in the proliferative capacity 

of the cardiomyocytes (Sedmera et al., 2000). In fact, trabeculations are so vital to 

cardiac morphogenesis that the absence of these structures in neuregulin null mice 

results in embryonic death at E l l  (the tubular heart stage) (Gassmann et al., 1995; Lee et 

al., 1995). Thus, the pattern and timing of P2Y receptor expression in the heart might 

suggest a role for these receptors in the differentiation of the trabeculated layer and the 

formation of the ventricular myocardium.
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NERVOUS SYSTEM

Expression of the P2Y receptor proteins, and particularly the P2 Y4 receptor, was 

prominent in the embryonic nervous system. Among all the P2Y receptors examined, the 

P2 Y4 receptor was the first to be expressed in the embryonic brain at E14 on the basis of 

both RT-PCR and immunohistochemistry. Instead of a general or weak expression 

throughout the whole brain, the receptor expression was intense and localized. At E l4, 

P2 Y4 immunoreactivity was detected in the telencephalon (olfactory system, pallidum 

and amygdala), diencephalons (lateral hypothalamic area and dorsal geniculate nucleus) 

and brainstem (midbrain, pons and medulla). After birth, additional regions of the brain, 

such as the septum and the neuroepithelium adjacent to the ventricles showed P2 Y4 

receptor expression, and P2Yi receptor staining was detected in the cerebral peduncle. 

However, of greatest developmental significance was the disappearance of P2 Y4 

immunoreactivity from the brainstem after birth. Thus, the P2 Y4 receptor appeared to be 

the dominant P2Y receptor present early in the brain. The early expression of P2 Y4 

receptor in specific brain regions and its subsequent down-regulation some areas, 

suggested that this receptor has role to play during prenatal brain development, 

particularly in the brainstem.

The spinal cord showed immunoreactivity for the P2Yi, P2Y% and P2 Y4 

receptors. Expression of all these receptors was related either directly or indirectly to 

motor neuron development. The P2 Y2 and P2 Y4 receptors were expressed in the ventral 

horns of the embryonic spinal cord, in the case of the P2 Y4 receptor only transiently 

(E14-E18). Both P2 Y2 and P2 Y4 receptor expression was mainly localized to the white 

matter of the ventral horns, though the spinal motor neurons also showed weak 

expression. P2Yi expression was localized to the floor plate of the spinal neural tube and 

subsequently the ventral commissure of the spinal cord, the former an important 

structure in the differentiation of the ventral neural tube. The floor plate expresses a 

powerful signalling molecule. Sonic hedgehog (Shh), which specifies the identities of 

motor neurons and intemeurons in a concentration-dependent manner (Dodd et al., 

1998). Thus the expression of the P2Yi receptor in floor plate, and the P2 Y2 and P2 Y4
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receptors in the ventral horns, suggests that purinergic signalling could regulate motor 

neuron development at multiple sites.

It seems likely that not all P2Y receptor expression had a role in embryonic 

development, but rather some receptor expression was related to adult function. The lack 

of dynamic or transient P2Y receptor expression in the embryonic and fetal liver 

suggested that P2Y receptors were not involved in liver formation. As in adult 

hepatocytes (Dixon et al., 2000), experiments conducted on embryonic liver 

demonstrated the expression of P2Yi, P2 Y2, P2 Y4 and P2Yg receptor mRNA transcripts, 

and immunoreactivity for P2Yi and, to a lesser extent, the P2Y% receptor. Expression of 

the P2Yi and P2 Y4 receptors in the lens fibres is also unlikely to be involved in lens 

development. The P2Y% receptor is strongly expressed in both the adult (Merriman- 

Smith et al., 1998) and embryonic lens, but the P2 Y4 receptor was only expressed 

postnatally. Nonetheless this study does demonstrate for the first time the expression of 

the P2 Y4 receptor in lens fibres and expression of this receptor could account for the 

reports of responses of adult lens cells to ATP (Collison and Duncan, 2001; Churchill 

and Louis, 1997). Similarly, expression of the P2Yi and P2Yz receptors in the fetal lung 

is unlikely to be related to lung development. In the fetal (E l8) lung, the P2 Y2 receptor 

was expressed in the epithelial cells of the bronchi. Adult lung epithelial cells also 

express this receptor and can respond to the P2Y2 receptor agonist, UTP, with an 

increase in transepithelial chloride secretion and mucus secretion (Rice et al., 1995, Rice 

and Singleton, 1987; Bumstock, 2002b). The P2Yi receptor, which is known to be 

expressed on many types of smooth muscle cells, was also expressed in the smooth 

muscle layer of the bronchi. Thus, while P2Y receptors are undoubtedly essential for 

proper lung function, it is very unlikely that embryonic P2Y receptor expression is 

related to organogenesis of the lung.

The question of the source(s) of ATP involved in activating these P2 receptors 

should next be raised. Many cell types are known to release ATP in response to 

mechanical disturbance (Bumstock, 1999; Bodin and Bumstock, 2001a,b) and since
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there is much cellular movement during embryogenesis several cell types might be 

releasing ATP, as well as apoptotic cells that also reported in developing tissues.

In summary, we have demonstrated for the first time the early and dynamic 

expression of the P2Yi, P2 Y2, P2 Y4 and P2Yg receptors during rat embryonic 

development. While not all P2Y receptor expression is likely to be related to embryonic 

development, these findings, suggest the involvement of purinergic signalling in skeletal 

muscle, heart and central nervous system development. Thus, purinergic signalling is 

likely to be an important signalling system in embryonic development and in particular 

organogenesis.

Contributions to this work bv Mina Rvten: Please note that Mina Ryten contributed to 

the results on the expression of P2Y receptors in skeletal muscle and to the RT-PCR 

experiments. All other experiments were performed entirely by Kwok-Kuen Cheung.
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APPENDIX II

ABBREVIATIONS

ABC ATP-binding cassette

AC adenylate cyclase

ACh acetylcholine

AChE acetylcholine esterase

AChR acetylcholine receptors

ADP adenosine 5’-diphosphate

AEBSF 4-(2-aminoethyl)-benzenesulfonyl fluoride

a-p-meATP a,P-methylene adenosine 5’-triphosphate

AMP adenosine monophosphate

ATP adenosine 5’-triphosphate

bHLH basic helix-loop-helix

BrdU bromodeoxyuridine

BSA bovine serum albumin

BzATP 3’-0-(4-benzoyl)benzoyl adenosine 5’-triphosphate

Ca^+ calcium ions

CaClz calcium chloride

cdk cyclin-dependent kinase

CFTR cystic fibrosis transmembrane conductance regulator

Cl chloride ions

CO2 carbon dioxide

Cs+ caesium ions

CsCl caesium chloride

CsOH caesium hydroxide

copper ions

DAB 3,3 ’-diaminobenzidine
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DAPI 4',6-diamidino-2-phenylindole

DEPC diethyl pyrocarbonate

DM differentiation medium

DMD Duchenne’s muscular dystrophy

DMEM Dulbecco’s Modified Eagle’s medium

DMPP 1,1 -dimethyl-4-phenylpiperazinium iodide

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP deoxynucleotide

dsDNA double-stranded deoxyribonucleic acid

DTT DL-dithiothreitol

E embryonic day

EDTA ethylenediaminetetraacetic acid

EGTA ethylene glycol-bis(p-aminoethyl ether)-N,:

acid

E-NPP ecto-nucleotide pyrophosphatase/ phosphodiesterase

E-NTPDase ecto-nucleoside triphosphate diphosphohydrolase

ERK extracellular signal-related kinases

FGFs fibroblast growth factors

FCS fetal calf serum

Gd^^ gadolinium ion

GM growth medium

H+ hydrogen ions

HESS Hanks buffered saline solution

HCl hydrochloric acid

HEPES (N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid])

HGF hepatocyte growth factor

H2O2 hydrogen peroxide

IGFs insulin-like growth factors

IL-6 interleukin-6

IP3 inositol 1,4,5-triphosphate
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IpsI

JNK

K+

KCl

LIF

MAPK

MEF2

2-MeSADP

Mg"+

MgClz

MHC

MRF

mRNA

Na+

NaCl

NaOH

NFAT

NGS

NHS

NMJ

OD

P

PBS

PCR

PDGF

PI3’K

PKC

PLC

PPADS

pRb

RB2

diinosine pentaphosphate

Jun amino-terminal kinases

potassium ions

potassium chloride

leukemia inhibitory factor

mitogen-activated protein kinase

myocyte enhancer factor 2

2-methylthio adenosine 5’-diphosphate

magnesium ions

magnesium chloride

myosin heavy chain

myogenic regulatory factor

messenger ribonucleic aid

sodium ions

sodium chloride

sodium hydroxide

nuclear factor of activated T-cells

normal goat serum

normal horse serum

neuromuscular junction

optical density

postnatal day

phosphate buffered saline

polymerase chain reaction

platelet-derived growth factor

phosphatidylinositol 3-kinase

protein kinase C

phospholipase C

pyridoxalphospate-6-azophenyl-2’,4’-disulfonic acid 

retinoblastoma protein 

Reactive Blue 2
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RNA ribonucleic acid

RT-PCR reverse transcriptase-polymerase chain reaction

TA tibialis anterior

TE tris-EDTA

TGF-P transforming growth factor P

TNP-ATP 2’ ,3 ’ -0-(2,4,6-trinitrophenyl)-adenosine 5 ’ -triphosphate

UTP uridine triphosphate

Zn̂ -" zinc ions
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SEQUENTIAL EXPRESSION OF THREE RECEPTOR 

SUBTYPES FOR EXTRACELLULAR ATP IN 

DEVELOPING RAT SKELETAL MUSCLE
Mina Ryten, Astrid Hoebertz and Geoffrey Bumstock.
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Sequential Expression o f Three R eceptor Subtypes for 
Extracellular ATP in  D eveloping Rat Skeletal M uscle
MINA RYTEN, ASTRID HOEBERTZ, a n d  GEOFFREY BURNSTOCK*
Autonomic Neuroscience Institute, Royal Free & University College Medical School, Royal Free Campus,
London, United Kingdom

ABSTRACT In this study, we investigated  
the expression of the P2X receptor subtypes 
(P2Xi_7> during the development of skeletal mus
cle and in relation to acetylcholine receptors in 
the rat embryo and pup. By using immunohisto
chemistry, we showed that three receptor sub- 
types, P2 X2, P2 X5, and P2 Xe, were expressed in 
developing skeletal muscle. The timing and pat
tern of receptor expression seemed to be pre
cisely regulated. P2Xg, P2Xg, and P2X@ were ex
pressed in a sequential manner, which was 
consistent for all regional muscles tested (inter
costal, paravertebral, and lower limb): P2 Xg ex
pression appeared first (E15-E18) followed by 
P2Xe (E16-E18), and finaUy P2Xg (E18-adult). At 
no developmental stage did we observe colocal
ization of P2Xg and acetylcholine receptors. In 
the case o f P2 X2 and P2Xg, immunoreactivity was 
found to be widespread, immunopositive cells be
ing apparent throughout the muscle. However, 
staining for P2Xg, both at the beginning and end 
of expression, was restricted to regions of muscle 
close to the myotendinous junctions. Because the 
timing of receptor expression is closely related to 
key events in skeletal muscle development, nota
bly the generation of secondary myotubes and 
the redistribution of acetylcholine receptors, it is 
possible that ATP-signaling by means of P2X re
ceptors could be involved in these processes. 
© 2001 Wiley-Liss, Inc.

Key words: P2X receptors; ATP; skeletal muscle 
development; rat embryo; myotube 
formation; acetylcholine receptors

INTRODUCTION
In recent years, the biological effects of extracellular 

purine nucleotides acting through P2 receptors have 
been studied in many cell and tissue types and ATP is 
now recognized as an important messenger molecule in 
cell-cell communication (Bumstock, 1997). Thus far, 
attention has been largely focused on the role of puri
nergic signaling in mediating changes in short-term 
cellular activity. However, there is growing evidence 
that purinergic signaling may also play a role in long
term cellular communication, including cell prolifera
tion, differentiation, and apoptosis (Neary et al., 1996; 
Abbracchio and Bumstock, 1998). These processes are

central to embryonic development, and the specific 
functions of purine receptor subtypes during skeletal 
muscle development are the focus of interest in this 
study.

P2 receptors are classified into two main families, 
P2X and P2Y, based on molecular stmcture, transduc
tion mechanisms, and pharmacological properties (Ra- 
levic and Bumstock, 1998). The P2Y receptors are G 
protein-coupled receptors, which act principally by ac
tivating phosphohpase C, leading to the formation of 
inositol 1,4,5-trisphophate and mobilization of intracel
lular Câ '*’. In contrast, P2X receptors are a ligand- 
gated ion channel family, and activation of these recep
tors by extracellular ATP elicits a flow of cations (Na"̂ , 
K"*", and Câ '*’) across the plasma membrane. To date, 
seven P2X receptor subunits (P2Xi_y) capable of assem
bling homo- or heteromultimeric receptors (Torres et 
al., 1999) have been cloned from mammalian species.

The functional importance of these receptor subtypes 
is yet to be fully understood, particularly with regard to 
their potential trophic actions. The P2Xg receptor sub
unit has been shown to be expressed in the proliferat
ing and differentiating cell layers of stratified squa
mous epithelial tissues (Groschel-Stewart et al., 1999) 
suggesting that ATP signaling by means of the P2Xg 
receptor may play a role in these processes. Conversely, 
the P2 X7  receptor subunit has been strongly linked to 
apoptosis (Surprenant et al., 1996; Collo et al., 1997; 
Groschel-Stewart et al., 1999). There is increasing ev
idence to suggest that P2X? activation can induce ap
optosis in several cell types and that this process is 
dependent on the caspase signaling cascade (Coutinho 
Silva et al., 1999; Ferrari et al., 1999).

Responses to ATP have been demonstrated in embry
onic tissues, notably skeletal muscle. By using the 
patch clamp recording technique, a transmitter-like 
action of ATP on the cell membranes of myoblasts and 
myotubes cultured from 1 2 -day chick embryos was first 
demonstrated by Kolb and Wakelam (1983). These re
sults were confirmed by Hume and Thomas (Hume and
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Thomas, 1988; Thomas and Hume, 1990a,b, 1993; 
Thomas et al,, 1991), who showed that ATP elicits a 
potent, P2-dependent depolarizing action on cultured 
chick myotubes. Similar responses, characteristic of P2 
receptors, have been demonstrated in the mouse myo
blast cell line, C2C12 (Henning et al., 1993; Henning, 
1997). In chick muscle, ATP-responses were also shown 
to be developmentally regulated (Wells et al., 1995). 
ATP-ehcited contractions were most apparent in early 
development (embryonic day 6  [E6 ]) and were absent 
by embryonic day 17. More recently, immunohisto
chemistry has been used to describe the developmen
tally regulated expression pattern of two members of 
the P2X family, P2Xg and P2Xg, in the skeletal muscle 
of the chick embryo (Meyer et al., 1999).

However, the role of ATP and the identity of the P2X 
receptor subtypes involved in the development of mam
malian skeletal muscle are still largely undefined. In 
this study, we use immunohistochemistry to investi
gate the expression of P2X receptors and their relation
ship to acetylcholine receptors (AChRs) in developing 
rat skeletal muscle. By using polyclonal antibodies 
raised against the seven different rat P2X receptor 
peptides (Oglesby et al., 1999), we demonstrate the 
timing and localization of receptor expression. In sum
mary, we show the sequential and developmental ex
pression of three receptor subtypes, P2 X2 , P2Xg, and 
P2Xg, perhaps indicating that ATP acting by means of 
P2X receptors may play a key role in skeletal muscle 
formation.

RESULTS
P2Xg, P2Xg, and P2X@ Immunoreactivity in 
Developing Rat Skeletal Muscle

Staining procedures were carried out for all seven of 
the P2X receptors at aU embryonic stages; however, we 
found immunoreactivity in developing skeletal muscle 
only for P2Xg, P2Xg, and P2X@. Control experiments, 
performed by preabsorbing the antibodies with the cor
responding peptides, showed no immunostaining, con
firming the specificity of our findings. The expression of 
these receptors was followed from E 1 2  to postnatal day 
(P) 21 in various muscles, including the intercostal, 
paravertebral, and Hmb muscles. Results from the 
muscle groups examined showed that the timing of 
receptor expression was subtype-specific.

Before E15, there was no immunoreactivity for any 
of the P2X receptors in the developing muscle. Immu
noreactivity for P2Xg, but not P 2 X2  or P2Xg, began at 
E15. Staining with P2Xg was restricted to a small 
number of cells at the ends of the muscles, close to the 
myotendinous junctions (Fig. lA). Immunohistochem
istry with an antibody against skeletal myosin on se
quential sections from the same embryo confirmed that 
the staining was confined to the areas of developing 
muscle (Fig. IB) described above. This skeletal marker 
was used throughout this study to identify areas of 
future muscle. Immunoreactivity for P2Xg strength
ened during development; by E16 staining was more

widespread within muscles already shown to have pos
itive immunoreactivity for P2Xg and began to appear in 
muscles that had previously been negative (Fig. 1C,D). 
This stage also marked the appearance of P2X@ immu
noreactivity within skeletal muscle. P2X@ staining was 
strong and extensive, immunopositive cells could be 
seen throughout muscle blocks and in all muscle 
groups tested (Fig. 2A). Immunoreactivity for P2Xg and 
P2Xg was still apparent at E18 (Figs. 2B,C,D, 3), al
though in the case of P2Xg, it had become restricted to 
the ends of developing muscle fibers (Fig. 6 A). By E20, 
immunoreactivity for both P2Xg and P2X@ within the 
skeletal muscle had disappeared. However, it was at 
these final stages of prenatal development, E18 on
ward, that P2 X2  expression began to appear. Initially 
P2 X2  was expressed most strongly in the intercostal 
(Fig. 4C,D) and paravertebral muscles (Fig. 4B) and 
was almost entirely absent in the limb musculature 
(Fig. 4A). P2 X2  expression was most marked in the 
muscles of the lower limb at E20 (Fig. 5A). Immunore
activity for P 2 X2  continued for at least 1  week postna
tally (Fig. 5B) but had reduced in strength to near 
adult expression by P14 (Fig. 5C,D).

In summary, we found three P2X receptors to be 
expressed in developing skeletal muscle, P 2 X2 , P2Xg, 
and P2Xg. These receptors were expressed sequen
tially, P2Xg being the first receptor to be expressed 
(E15) followed by P2Xg (E16) and finally P 2 X2  (E18). 
This sequence of receptor expression was maintained 
for all muscles tested. Expression of P2Xg and P2X@ 
was restricted to in utero development, whereas stain
ing for P 2 X2  continued after birth. Immunoreactivity 
for the P2Xg and P2Xg receptor subtypes was most 
transient, E15-E18 and E16-E18, respectively, 
whereas P2 X2  expression was more sustained, being 
reduced to near adult expression in the second postna
tal week (E18-P14).

Double-Labeling for P2X2 and Acetylcholine 
Receptors

Double-labeling experiments for P2 X2  and AChRs, 
localized with a-bungarotoxin-Texas Red, were carried 
out at E18, E20, P7, P14, P21, and adult. As described 
above, P2 X2  was expressed from E18 to P14 (Fig. 5). 
AChR staining was restricted to large membrane clus
ters at the center of the muscle fibers, i.e., prospective 
endplate sites (Fig. 6 B-D). Consequently, only a subset 
of clusters is seen in any one section. At no stage did we 
observe colocalization of P2 X2  and AchR clusters (Fig. 
6 B-D). This finding included adult muscle where end- 
plates (positive for a-bungarotoxin) as well as extra- 
synaptic regions were P2 X2  negative.

P2Xg Immunoreactivity in Cells Located 
Between Muscle Fibers

Although P2Xg expression in developing skeletal 
muscle was restricted to the prenatal period, P2Xg- 
immunopositive cells were apparent within the muscle 
mass at P7. These cells appeared to be in between
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Fig. 1. Expression of P 2 X5 in rat skeletal m uscle in longitudinal se c 
tions of em bryonic day  (E) 15 and E16 em bryos. A: Immunoreactivity for 
P2 X5 in a  m uscle block of the developing lower limb a t E l 5 w as restricted 
to a small num ber of cells a t the en d s of the  m uscles close to the

m yotendinous junctions. B: Sequential section show ing skeletal m uscle 
myosin staining. C,D; P2Xg immunoreactivity, previously absen t, began 
to ap p ea r in paravertebral m uscles at E l 6 , show n a t higher magnification 
in (D). R, rib cartilage. Scale  bars =  100 p,m in A-D.

developing muscle fibers. This was confirmed by using 
double labeling with anti-skeletal muscle myosin (anti- 
PM) and anti-P2Xg, which showed a complete absence 
of overlapping expression (Fig. 7A). By P21, P2Xg 
staining both within and outside muscle fibers had 
largely disappeared. To identify the P 2 X5 -positive cells 
present at P7, further double-labeling experiments 
were performed by using anti-neurofilament 2 0 0  or 
anti-smooth muscle actin. In both cases, there was 
limited coexpression with many cells remaining posi
tive only for P2Xg (Fig. 7B-D). This finding would sug
gest that P 2 X5  stained a mixed population of cells at P7 
including nerves, smooth muscle cells, and probably 
endothelial cells.

DISCUSSION
ATP, coreleased with acetylcholine, has been shown 

to modulate the developing neuromuscular synapses of 
Xenopus embryos (Fu and Poo, 1991; Fu, 1995) and to 
have direct transmitter-like actions on developing 
chick skeletal muscle (Kolb and Wakelam, 1983). In 
chick, ATP has potent P2-dependent, depolarizing ac
tions on myoblasts in vitro (Hume and Honig, 1986) 
and causes muscular contraction in vivo (Wells et al., 
1995). Furthermore, Wells et al. (1995) demonstrate 
that sensitivity to ATP is developmentally regulated 
and returns in denervated skeletal muscle. Experi
ments on the mouse myoblast cell line, C2C12, showing 
P2-dependent responses, suggest that ATP may also be
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Fig. 2. Expression of P2Xe in rat skeletal m uscle a t em bryonic day 

(E)16 and  E18. A: At E16, P2Xg immunoreactivity ap p eared  in all m uscle 
g roups te s te d , show n here in a  longitudinal section of the em bryo, in the 
intercostal and  paravertebral m uscles. B -D ; Strong positive P2Xe m em 
brane  staining of all m uscle cells rem ained until E18, show n in an oblique
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section of the  external intercostal m uscles (B), a  transverse  section of the 
paravertebral m usc les (C) and  an oblique section of the  lower limb 
m uscles (D) of E l 8  em bryos. R, rib cartilage. Scale  bars =  100 p.m in 
A-D.

an important signaling molecule in mammalian skele
tal muscle development (Henning et al., 1993).

However, this work was performed before knowledge 
of the existence, let alone the properties of the P2X 
receptor subtypes (Ralevic and Bumstock, 1998). Our 
findings suggest that expression of the P2X receptors 
could account for the ATP sensitivity of developing 
skeletal muscle. By using immunohistochemistry, we 
show developmentally regulated expression of three 
P2X receptor subtypes, P2Xg, P2Xg, and P2Xg, in rat 
skeletal muscle. These receptors are expressed in a 
sequential manner, which was consistent for all mus
cles tested: P2Xg was expressed first (E15-E18), fol
lowed by P2Xg (E16-E18), and finally P2Xg (E18-P14).

The temporal and spatial overlap in the expression of 
P2Xg, P 2 X5 , and P2Xg receptor subunits, which we

observed, raises the possibility that both homomeric 
and heteromeric receptors may be present in develop
ing skeletal muscle. In sensory neurones of the nodose 
ganglion, P 2 X2  and P 2 X 3  subunits are coexpressed 
(Vulchanova et al., 1997). The characteristics of the 
P2X receptors present on these cells can only be ac
counted for by the presence of a P 2 X2 / 3  heteromeric 
receptor (Lewis et al., 1995). Biochemical studies have 
shown that 1 1  heteromeric receptors can be formed by 
pairwise combination of P2X subunits (Torres et al., 
1999). However, of these only P 2 X^3 , P 2 X^5 , P 2 X4 /6 , 
and P2 X2 / 6  have been demonstrated in functional stud
ies (Lewis et al., 1995; Torres et al., 1998; Lê et al., 
1998; King et al., 2000). Further double-labeling stud
ies will be required to determine more closely the ex
tent of P2X receptor coexpression in developing skele-
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Fig. 3. Expression of P 2 X5 in rat skeletal m uscle a t em bryonic day  (E) 18. At E 18. P 2 X5 immunoreactivity 
becam e restricted to cells at the  end  of the m uscles, c lose to the developing cartilage/bones, show n in 
longitudinal sections of the lower limb (A,B) and external intercostal m uscles (C,D). T, tibial cartilage; R, rib 
cartilage. Scale  bars =  500 p,m in A, 100 |xm in B.C. 50 p.m in D.

tal muscle. This issue is highlighted by our findings at 
P7, demonstrating the expression of both P 2 X2  and 
P2 X5 , but whereas P2Xg stains skeletal muscle, P2Xg is 
expressed on a range of other cell types, including 
smooth muscle and nerve fibers. However, it is worth 
noting that the study of Torres et al. (1999) suggests 
that P 2 X̂  does not form a homomeric receptor, sug
gesting that any functional role will be in coassembly 
with either P2Xg or P2 Xg subunits.

The developmentally regulated expression of the 
P2X receptors suggests that the channels formed are of 
functional significance. The timing of receptor expres
sion seems to be closely related to key events in skele
tal muscle development (Fig. 8 ), notably secondary 
myotube formation and the establishment of mature 
neuromuscular junctions. We suggest that ATP signal

ing by means of P2Xg and P2Xg could be involved in the 
former event, whereas P2Xg could be related to the 
latter.

Skeletal muscle cells are formed in two stages: pri
mary myotubes develop first, and are followed after a 
delay by secondary myotubes, which will form the ma
jority of muscle fibers in the adult tissue (Kelly and 
Zacks, 1969; Harris, 1981; Ontell and Kozeka, 1984; 
Ross et al., 1987). Secondary myotubes develop from 
the middle of the muscle in close association with the 
neuromuscular junctions of guiding primary myotubes 
(Duxson et al., 1989). They extend by the asynchronous 
fusion of myoblasts at their ends (Zhang and McLen
nan, 1995) to finally attach to the muscle tendons (Dux
son and Usson, 1989). Immunohistochemical data from 
our study suggest the involvement of P2X receptors in
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Fig. 4. Expression of P 2 X2 in rat skeletal m uscle  a t em bryonic day (E) b ranes, w as m ore w idespread in the paravertebral m uscles (B) and
18. A; In the  lower limb m uscle , show n in oblique sec tion , P 2 X2 strongest in the intercostal m uscles (C,D), show n in transverse  section,
im m unoreactivity w as restric ted  to  a  sm all n um ber of cells (arrow- R, rib cartilage. S cale  b ars =  100 p.m in A -C , 50 p,m in D.
h ea d s ). B-D: P 2 X2 immunoreactivity, which w as confined to cell mem-

secondary myotube formation. We detected no immu
noreactivity for P 2 X5  (the first receptor to be ex
pressed) during at least the early stages of primary 
myotube formation (Ross et al., 1987). However, P2X 
receptors could be involved in the formation of second
ary myotubes, which begins at E16 in the intercostal 
muscles (Kelly and Zacks, 1969), precisely the same 
time at which there is strongest immunoreactivity for 
P2 X5  and P2X@.

Staining for P2Xg begins in the intercostal muscles 
at E18, which is the peak of polyneuronal innervation 
(Dennis et al., 1981). It is well established that nerve- 
induced activity plays a crucial role in regulating the 
expression and distribution of receptors and channels 
on the muscle membrane, notably the acetylcholine 
receptor. Whereas developing myotubes express clus

ters of AChRs throughout the membrane, adult skele
tal muscle is characterized by the striking concentra
tion of receptors in the postsynaptic membrane and 
their virtual absence from the extrasynaptic mem
brane. This reorganization is in part activity-depen
dent (Vrbova et al., 1995; Sanes and Lichtman, 1999). 
In the case of rat intercostal muscles, synaptic inputs 
are first detected at E15 and produce clustering of 
AChRs by E16 (Dennis et al., 1981). This finding is 
confirmed in our results which show acetylcholine clus
ters in prospective endplate regions. However, on the 
basis of intracellular recordings in response to acetyl
choline application (generally considered to be more 
sensitive than detection by a-bungarotoxin) the extra- 
junctional AChR density, particularly in regions close 
to the myotendinous junction, remains high after birth
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Fig. 5. Expression of PIX̂  in rat skeletal m uscle at em bryonic day  (E) 
20 and postnatally. A: At E20, strong P 2 X2 immunoreactivity could be 
se e n  in the m em branes of lower limb m uscle cells. B: Strong immuno
sta in ing  of lower limb m u sc le s with P2X ; rem ained  postnata lly  a t P7.

C: P2Xg immunoreactivity reduced  in strength at P14. D: In adult tibialis 
anterior rat m uscle im m unostaining for P2Xg w as alm ost absen t. All 
tran sv erse  sections. S cale  b ars =  100 |j,m in A-D.

and only declines during the first postnatal week 
(Diamond and Miledi, 1962). Changes in the expression 
of the P2X receptor subtypes, particularly P2 X2 , mir
rors and may even contribute to this process because 
P2 Xg receptor expression is also maintained during the 
first postnatal week and declines subsequently. In our 
dual-labeling experiments, extrajunctional AChRs 
were probably not visible due to the low detection sen
sitivity of a-bungarotoxin compared with intracellular 
recording. Interestingly, no expression of P2Xg has 
been reported in chick skeletal muscle (Meyer et al., 
1999). This may reflect differences in the development 
of mammalian as opposed to avian neuromuscular 
junctions.

The surprising abundance of these receptors raises 
the issue of what the potential sources of ATP in this

developing system might be. It is well established that 
ATP is stored within the synaptic vesicles of presynap- 
tic nerve terminals and is coreleased with acetylcholine 
(Silinsky and Hubbard, 1973). Muscles are also known 
to secrete substantial amounts of ATP in response to 
electrical activity (Landmesser and Morris, 1975). 
However, there are other important nerve-independent 
sources of extracellular ATP. Osteoblasts and chondro
cytes, which are obviously closely associated with de
veloping skeletal muscle, have been shown to be capa
ble of releasing ATP (Bowler et al., 1998; Lloyd et al., 
1999) and could be associated with the marked expres
sion of P 2 X5  at myotendinous junctions.

In conclusion, we show for the first time that three 
members of the P2X family, P2 X2 , P2Xr„ and P2Xg, are 
expressed in developing rat skeletal muscle. These re
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Fig. 6 . A: Double labeling for P2Xg (green, arrow) and skeletal myo
sin (red, arrowhead) dem onstrated coexpression in a reas close to the rib. 
B-D : Double labeling for P 2 X2  (green, arrowheads) and acetylcholine 
receptors (AChRs) (red, arrows) on intercostal m uscles at embryonic day

(E) 20 (B) and tibialis anterior m uscle a t postnatal day (P) 7 (C) and P I 4 
(D). Although there is strong staining for P2Xj on the m uscle m em branes, 
it did not colocalize with AChR-clusters at any of the ag es  examined. R, 
rib cartilage. Scale bars =  50 p.m in A, 20 p.m in B. 100 p.m in C,D.

ceptors are expressed sequentiaUy (P2 X5 , followed by 
P2X@, and finally P2 X2 ) and appeared to be develop
mentally regulated. The timing of receptor expression 
is closely related to key events in skeletal muscle de
velopment, notably the generation of secondary myo
tubes and the redistribution of acetylcholine receptors, 
suggesting that ATP may have trophic actions on de
veloping mammalian skeletal muscle. However, the 
precise roles of the P2X receptor subtypes in skeletal 
muscle development remain to be investigated.

EXPERIMENTAL PROCEDURES 
Mating of Rats and Embryo Preparation

For dated pregnancies, female Sprague-Dawley rats 
in estrus were placed overnight with primed male rats 
and examined in the morning for the presence of a

vaginal plug. The day of finding the plug was desig
nated embryonic day 0 (EO) and the day of birth, post
natal day 0 (PO). Pregnant rats, killed by a rising 
concentration of COg and confirmed by cervical dislo
cation, were used to obtain embryos at E12, E14, E15, 
E16, E18, and E20. Once removed, some embryos were 
placed decapitated and intact onto a cork block, covered 
with OCT compound, and frozen in liquid nitrogen- 
cooled isopentane. Limb buds were dissected from the 
remaining embryos, mounted on cork blocks, and fi*o- 
zen separately in liquid nitrogen-cooled isopentane. 
Skeletal muscle samples were also taken from rat pups 
killed at P7, P14, and P21. Segments of rib cage and 
lower limb were removed and prepared as previously 
described. Cryostat sections were cut at 1 2  jxm and 
collected on gelatinized slides.
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Fig. 8. This figure sum m arizes the time course of P2Xj g g receptor 
expression for the rat intercostal m uscles and dem onstrates the possible 
overlaps with key even ts in skeletal muscle formation, namely develop
ment of primary and secondary m yotubes and innervation (from the first 
detection of synaptic inputs to the developm ent of the m ature neurom us
cular junction). The first receptor to appear is P2Xg at embryonic day (E) 
15, which d isappears at BIB; P2Xg receptor expression starts a t E16 and 
d isappears after E18, w hereas P2Xj receptor expression only starts at 
E l8 and gets significantly reduced after birth at postnatal day (P) 7.

Longitudinal sections of tibialis anterior muscle were 
prepared from animals at P7, P14, P21, and adult. 
Muscles were stretched and pinned on Sylgard, fixed in 
4% paraformaldehyde for 2 hr at room temperature, 
and transferred to 2 0 % sucrose in phosphate-buffered 
saline (PBS) and left overnight. Tissue was placed lon
gitudinally and embedded in OCT on cork blocks. Cry
ostat sections were cut at 50 pm and collected in PBS.

Immunohistochemistry
The immunogens used for the production of poly

clonal antibodies were synthetic peptides correspond
ing to the carboxy termini of the cloned rat P2X recep
tors, covalently linked to keyhole limpet hemocyanin. 
The peptide sequences are as follows. P2Xi: amino 
acids 385-399, ATSSTLGLQENMRTS; P2Xg: amino 
acids 458-472, QQDSTSTDPKGLAQL; P2 X3 : amino 
acids 383-397, VEKQSTDSGAYSIGH; P2 X4 : amino 
acids 3 7 4 ^ 8 8 , YVEDYEQGLSGEMNQ; P2Xg: amino 
acids 437—451, RENAIVNVKQSQILH; P2X@: amino

Fig. 7. A: At postnatal day (P) 7, double labeling for P2X, (green) and 
skeletal m uscle myosin (red) show ed the p resence of P2Xs-immunopo- 
sitive cells exclusively in t>etween m uscle fibers. B: Double labeling for 
P2Xg (green) and neurofilament 200 (red) dem onstrated limited coex
pression (yellow, arrowhead) of these  m arkers in fibers within a  nerve 
bundle. C: Double labeling for P2Xg (green) and smooth m uscle actin 
(red) dem onstrated limited coexpression (yellow) of these  m arkers in 
both arteries and veins (arrowhead). Note that in C som e P2Xg (green) 
staining appears to be on endothelial cells. B ecause skeletal muscle 
develops from cen ter to periphery, photographs taken from within the 
muscle bulk (B), which is more mature, dem onstrate less immunoreac
tivity for P2Xg than those taken a t the less developed periphery (B). All 
transverse sections of lower limb m uscle (tibialis anterior) a t P7. a, artery; 
V, vein. Scale bars =  100 |xm in A, 50 p,m in B,C.
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acids 357-371, EAGFYWRTKYEEARA; P2Xy: amino 
acids 555-569, TWRFVSQDMADFAIL.

The polyclonal antibodies were raised by multiple 
monthly injections of New Zealand rabbits with the 
peptides (performed by Research Genetics, Huntsville, 
AL). The specificity of the antisera was verified by 
immunoblotting with membrane preparations from 
CHO-Kl cells expressing the cloned P2 Xi_ 7  receptors. 
The antibodies recognized only one protein of the ex
pected size in the heterologous expression systems and 
were shown to be receptor subtype-specific (Oglesby et 
al., 1999). For immunostaining of cryostat sections, the 
avidin-biotin (ABC) technique was used according to 
the protocol developed by Llewellyn-Smith et al. (1992, 
1993). Air-dried serial sections of the tissues were fixed 
in 4% formaldehyde and 0.2% of a saturated solution of 
picric acid in 0.1 M phosphate buffer (pH 7.4) for 2 min. 
After washing in PBS for 15 min, endogenous peroxi
dase activity was blocked by treating the sections with 
0.4% H2 O2  and 50% methanol for 10 min. Nonspecific 
binding sites were blocked by a 2 0 -min preincubation 
in 10% normal horse serum (NHS) in PBS. Sections 
were incubated overnight at room temperature in 5 
|xg/ml of P 2 Xi_ 7  antibody or 2  p-g/ml anti-skeletal my
osin (Sigma, Poole, UK), in 10% NHS in PBS + 2.5% 
NaCl at room temperature. Subsequently, sections 
were incubated with biotinylated donkey anti-rabbit 
IgG (Jackson ImmunoResearch Lab, West Grove, PA) 
diluted 1:500 in 1 % NHS in PBS for 1 hr, and then with 
ExtrAvidin peroxidase (Sigma) diluted 1:1500 in PBS 
for 1 hr at room temperature. For color reaction, a 
solution containing 0.05% 3,3'-diaminobenzidine 
0.04% nickel ammonium sulphate, 0.2% (3-D-glucose, 
0.004% ammonium nitrate, and 1.2U/ml glucose oxi
dase in 0.1 M PBS was applied for 8  min. Sections were 
washed three times with PBS after each of the above 
steps except after the preincubation. Control experi
ments were carried out with the primary emtibody 
omitted from the staining procedure and the primary 
antibody preabsorbed with the peptides used to immu
nize the rabbits, according to the protocol described by 
Meyer et al. (1999).

For immunofiuorescent staining, air-dried serial sec
tions of tissue were fixed in 4% formaldehyde in 0.1 M 
phosphate buffer (pH 7.4) for 2 min. After washing in 
PBS for 15 min, sections were treated as before with 
10% NHS in PBS to block nonspecific binding. Sections 
were then incubated overnight at room temperature in 
5 |JLg/ml of P2Xg or P2Xg antibody in 10% NHS in 
PBS + 2.5% NaCl. P2X expression was visualized by 
using Oregon-green-labeled goat anti-rabbit IgG 
(Jackson ImmunoResearch Lab) apphed for 1 hr at 
1:100. Double staining for acetylcholine receptors was 
performed by further incubation of sections with 
a-bungarotoxin-Texas Red at 1:1,000 for 1 hr at room 
temperature. For neurofilament 200 or smooth muscle 
actin, double staining was performed by incubation of 
sections with either mouse anti-neurofilament 200 IgG 
(Sigma) or mouse anti-smooth muscle actin (Sigma) at

1:100 and 1:1,000, respectively, overnight. Staining 
was visualized by incubating with TRITC-labeled goat 
anti-mouse antibody (Jackson ImmunoResearch Lab) 
at 1 : 1 0 0  for 1  hr.

In the case of double staining for P2 X5  and skeletal 
myosin, sections were incubated overnight at room 
temperature in 1 fxg/ml of P2Xg antibody in 10% NHS 
in PBS + 2.5% NaCl. This step was followed by incu
bation with biotinylated donkey anti-rabbit IgG (Jack
son ImmunoResearch Lab) diluted 1:500 in 1 % NHS in 
PBS for 1 hr, ExtrAvidin peroxidase diluted 1:1500 in 
PBS for 1 hr, tyramide amplification for 8  min (Tyra- 
mide Amplification Kit, NEN Life Science Products, 
Boston, MA), and finally streptavidin-fiuorescein (Am- 
ersham, UK) at 1:200 for 30 min. Sections were washed 
three times with PBS + Tween (0.05%) after each of 
the above steps. Staining for skeletal muscle myosin 
was performed by further incubation of sections over
night in 2 |jLg/ml rabbit anti-PM in 10% NHS in PBS + 
2.5% NaCl, followed by visualization with goat anti
rabbit cy3 (Jackson ImmunoResearch Lab), 1:200 in 
1% NHS in PBS for 1 hr. For the longitudinal 50-|xm 
sections, photographs were generated by using confocal 
microscopy.
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Ai r  is well known for its role as an intracellular energy 
source. However, there is increasing awareness of 
its role as an extracellular messenger m olecule 

(Bumstock, 1997). Although evidence for the presence of 
receptors for extracellular ATP on skeletal myoblasts was 
first published in 1983 (Kolb and Wakelam), their physio
logical function has remained unclear. In this paper w e  
used primary cultures of rat skeletal m uscle satellite cells 
to investigate the role of purinergic signaling in m uscle 
formation. Using immunocytochemistry, RT-PCR, and electro
physiology, w e demonstrate that the ionotropic P2 X5 receptor 
is present on satellite cells and that activation of a P2X

receptor inhibits proliferation, stimulates expression of 
markers of muscle cell differentiation, including myogenin, 
p2 1 , and myosin heavy chain, and increases the rate of 
myotube formation. Furthermore, w e demonstrate that 
ATP application results in a significant and rapid increase 
in the phosphorylation of MAPKs, particularly p38, and 
that inhibition of p38 activity can prevent the effect of 
ATP on cell number. These results not only demonstrate 
the existence of a novel regulator of skeletal m uscle differ
entiation, namely ATP, but also a new role for ionotropic 
P2X receptors in the control of cell fate.

Introduction
The first report of the transmitter-like action of ATP on the cell 
membranes of myoblasts and myotubes (Kolb and Wakelam, 
1983) was published prior to the discovery and cloning of the 
P2X receptor family (for review see Ralevic and Bumstock, 
1998). It is now well established that ATP can exert its effects 
via activation of either P2X or P2Y receptors (for review see 
Ralevic and Bumstock, 1998). P2X receptors are ligand-gated 
ion channels and activation of these receptors by extracellular 
ATP elicits a flow of cations (Na’*’, K’*’, and Ca ’̂*’) across the 
plasma membrane. To date, seven mammalian P2X receptor 
subunits (P2Xi_y) capable of assembling into homo- or hetero
multimeric receptors have been cloned (Torres et al., 1999). 
In contrast, P2Y receptors are G protein-coupled receptors, 
which act principally by activating phospholipase C, leading to 
formation of inositol 1,4,5-trisphophate and the mobilization 
of intracellular Ca^  ̂ (Ralevic and Bumstock, 1998). Although,
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a role for P2Y receptors in mediating the trophic effects of ATP 
is widely recognized (Neary et al., 1996; Abbracchio and 
Bumstock, 1998), P2X receptors are still largely viewed 
as mediators of short-term, fast cell-cell communication. 
However, recent studies demonstrating P2Xy-dependent apop
tosis (Coutinho-Silva et al., 1999; Humphreys et al., 2000) 
and P2X; expression in the differentiating cell layers of stratified 
squamous epithelial tissues (Groschel-Stewart et al., 1999), 
suggest that P2X receptors could also mediate trophic effects, 
including cell proliferation, differentiation, and apoptosis.

These processes are of key importance in skeletal muscle 
regeneration. Because skeletal myofibers are terminally 
differentiated, the regeneration of skeletal muscle is largely 
dependent on a small population of resident, quiescent 
cells, termed satellite cells (Perry and Rudnicki, 2000; Seale 
and Rudnicki, 2000). In response to muscle damage, satellite 
cells proliferate, become committed to differentiation, exit 
the cell cycle, and fuse to form multinucleated myotubes. 
As in muscle development, the MyoD family of basic-helix- 
loop-helix transcription factors (known as myogenic regulatory 
factors) is required for the commitment and differentiation 
of satellite cells during regeneration. This process is also 
closely tied to cell cycle activity (Lassar et al., 1994; Walsh and
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Perlman, 1997; Perry and Rudnicki, 2000). Proliferating skele
tal satellite cells express high levels of MyoD and Myf5, but on 
commitment to terminal dilferentiation these transcription fac
tors are downregulated, and myogenin expression increases. 
This is followed by activation of the cell cycle arrest protein, 
p21, and permanent exit from the cell cycle. The differentiation 
program is then completed with the activation of muscle spe
cific proteins, such as myosin heavy chain (MHC)* and fusion 
to form multinuclear myotubes (Walsh and Perlman, 1997; 
Perry and Rudnicki, 2000; Seale and Rudnicki, 2000).

It has long been recognized that the processes of skeletal satel
lite cell proliferation and differentiation are mutually exclusive 
(Lassar et al., 1994; Walsh and Perlman, 1997). Understanding 
the signaling systems involved in directing these cells between 
proliferation and differentiation is of key importance in devel
oping new therapeutic strategies to treat muscle injury and dis
ease. Many factors, including fibroblast growth factors, insulin
like growth fictors, and interleukin-6 cytokines, have already 
been impHcated in the control of sateUite cell activity (Hawke 
and Garry, 2001). In the case of insulin-like growth factors and 
fibroblast growth factors, the MAPKs have been shown to be 
involved in mediating these effects (Campbell et al., 1995; 
Weyman and Wolfman, 1998; Conejo and Lorenzo, 2001; Adi 
et al., 2002). In particular, extracellular signal-regulated protein 
kinases (ERKs) 1/2 and p38 MAPK activity has been shown to 
be involved in directing myogenesis. Whereas a number of 
studies have demonstrated the importance of the ERK 1/2 
pathway in myoblast proliferation (Bennett and Tonks, 1997; 
Jones et al., 2001), activation of p38 isoforms has been shown 
to stimulate commitment to differentiation and myotube for
mation (Chun et al., 2000; Wu et al., 2000; Zetser et al., 1999).

Recent publications demonstrating the expression of ATP 
receptor subunits (P2%2, P2X$, and P2Xg) during skeletal 
muscle development (Meyer et al., 1999b; Ruppelt et al., 
2001; Ryten et al., 2001) suggest that ATP might also act as a 
trophic factor in skeletal muscle formation. In this paper we 
used primary cultures of neonatal, rat, skeletal muscle satellite 
cells to study the role o f purinergic signaling in muscle regen
eration. We present evidence for the regulated expression of 
the ionotropic P2X$ receptor protein and mRNA on sateUite 
ceUs and demonstrate that activation of a P2X receptor inhib
its proliferation of sateUite cells. Because the processes of 
myoblast proliferation and differentiation are mutuaUy exclu
sive (Lassar et al., 1994; Walsh and Perlman, 1997J, we also 
tested the ability o f ATP to potentiate differentiation and in
vestigated some of the intraceUular mechanisms that might 
be responsible for mediating these effects.

Results
ATP c a n  in h ib it  s a te ll i te  c e ll p ro l if e r a tio n  u n d e r  
d if fe re n t ia t in g  (lo w  se ru m ) c o n d it io n s

It is well recognized that sateUite cell differentiation, is po
tentiated by transferring cells from high serum (growth me

*Abbreviations used in this paper: 8-SPT, 8-(p-sulfophenyl)-theophylline; 
D M , difFerentiation media; ERK, extracellular signal-regulated protein 
kinase; GM , growth media; JNK, c-Jun N H 2-terminal kinase; M H C, 
myosin heavy chain; N G S, normal goat serum; N H S , normal horse 
serum; PPADS, pyridoxal 5-phosphate-6-azophenyl-2',4'-disulfonic 
acid; RB2, reactive blue 2.

dia [GM]) to low serum (differentiation media [DM]) 
(Daniels et al., 2000). The effect o f ATP on cell prolifera
tion was determined for cells plated at low density (to pre
vent myotube formation) and maintained under both condi
tions (GM and DM). Although cells proliferated more 
slowly in DM as compared with GM, under both conditions 
the cell number increased significantly afier 24 h (DM, 
140% ±  10.0%; GM, 404% ±  10.5% of cell number on 
plating). At a concentration of 10-100 |xM, ATP signifi
cantly inhibited (P <  5%) the expected increase in the num
ber of sateUite cells. At 24 h, ATP reduced the total number 
of cells present to 67.1% — 4.3% of that seen in untreated 
cultures (Fig. 1 A, red). However, ATP had no significant 
effect on ceUs maintained in GM (Fig. 1 A, black). ATP 
acted in a concentration-dependent manner and completely 
inhibited the expected increase in cell number (even after 
72 h) when applied at a maximal concentration of 500 p-M 
(Fig. 1 B). However, at no point did addition of ATP, at any 
concentration, result in a fall in ceU number below that at 
plating (i.e.. Fig. 1 B, 100%). This suggests that ATP did 
not cause ceU death, but inhibited cell proliferation. This in
terpretation was confirmed using BrdU incorporation stud
ies. Addition of 100 |xM ATP resulted in a 35% ±  4.5% re
duction (as compared with control) in the percentage of cells 
staining for BrdU, indicating that cells exposed to ATP had 
a reduced proliferation rate (Fig. 1 C, a and b).

T h e  e f f e c t  o f  A TP o n  sa te ll i te  c e ll  p ro l if e r a tio n  
a t  2 4  h  c a n n o t  b e  r e p l ic a te d  b y  A D P , U TP, 
o r  a d e n o s in e  a n d  is in h ib ite d  b y  p y r id o x a l 
5 -p h o s p h a te -6 -a z o p h e n y l-2  ,4  -d isu lfo n ic  a c id
In order to determine which receptors were involved in 
mediating the effect o f ATP on sateUite cell proliferation, 
we applied a variety o f agonists and antagonists, each spe
cific to a different range of purinoceptors. ATP, ADP, 
UTP, and a-P-methylene ATP were applied to cells 
(maintained in DM) at 1—100-|xM concentrations. ATP 
significantly inhibited cell proliferation, whereas the P2Y 
receptor agonists, ADP, an agonist at P2Yi and P2Y%2 re
ceptors (Ralevic and Bumstock, 1998), and UTP an ago
nist at P2Y2, P2Y4, and P2Y  ̂receptors (Ralevic and Burn- 
stock, 1998), did not inhibit cell proliferation (Fig. 2 A). 
In fact, UTP significantly increased the cell number (Fig. 2
A). The P2Xi and P2X3 selective agonist, ct-(3-methylene 
ATP, had no effect on cell number.

ATP can be hydrolyzed to adenosine and this is also an 
important signaling molecule. Consequently, we tested 
the effect o f adenosine at 1—lOO-fJtM concentrations on 
sateUite cell number (Fig. 2 A). Unlike ATP, adenosine 
application did not reduce cell number at 24 h. However, 
when adenosine was applied for 72 h at a concentration of 
100 j j l M ,  a greater concentration than required to demon
strate an ATP effect, a reduction in proliferation was ob
served (Fig. 2 C). This adenosine effect (100 fxM) was in
hibited by 8-(p-sulfbphenyl)-theophylline (8-SPT) (30 
|xM), but not dipyridamole, suggesting that this effect was 
due to activation of a PI receptor and not secondary to 
the uptake o f adenosine (Fig. 2 C).

The antiproliferative activity o f ATP measured at 24 h 
could not be inhibited by the P2 receptor antagonist reactive
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Figure 1. ATP in h ib its  sa te llite  cell p ro life ra tio n . (A) ATP
sign ifican tly  reduced  (P <  5%) the num ber of satellite ce lls  w h en  
m aintained in DM  (red) for 2 4  h (by 32 .9%  ±  4 .3% , w h en  ATP w as  
applied  at 1 0 0  |xM), but had no  sign ificant effect on ce lls  m aintained  
in GM (black). (B) ATP w a s ap p lied  to ce lls  m aintained in DM  and  
cell num ber assessed  2 4 , 4 8 , and 72 h after app lication . At all three 
tim e points, ATP at concentrations o f 5 0 -5 0 0  )xM reduced the number 
of cells. H ow ever at no point did ATP ca u se  a reduction in cell number 
b e lo w  that at plating (i.e., 100% ). V alues significantly different from  
respective controls are d en oted  by * (P <  5%). (C) BrdU incorporation  
assay, (a) BrdU im m unostaining (green) dem onstrated cell proliferation 
in control cu ltures (24  h). (b) A p plication  o f 1 0 0  pM  ATP for 2 4  h 
significantly (P <  5%) red u ced  the  proportion o f B rdU -positive cells, 
(c and d) Sim ilar num bers o f c e lls  w ere  present in control and  
ATP-treated cultures (DAPI staining, b lue). Bars, 100  (xm.

blue 2 (RB2) (preapplied for 20 min at 50 puM), but was 
fully inhibited by pyridoxal 5-phosphate-6-azophenyl-2',4'- 
disulfonic acid (PPADS) (preapplied for 20 min at 10 puM)
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Figure 2 . ATP inhibits sa te llite  cell p ro life ra tion  by ac tivation  of a 
P2X re c e p to r . (A) T he inhibitory e ffect o f  ATP on  ce ll num ber at 
2 4  h w as not replicated by ad en osin e, ADP, UTP, or a, ^ -m ethylene  
ATP. In fact, UTP sign ificantly  increased  ce ll num ber. V alues  
sign ifican tly  different from control (P <  5%) are d en o ted  by *.
(B) Preapplication o f PPADS (10 p,M) for 2 0  m in, but not RB2 (50 |xM) 
c o m p le te ly  inh ibited  the  effect o f ATP at 2 4  h. PPADS prod u ced  a 
partial inh ibition  at 72 h, probably d u e to the break d ow n  o f ATP to  
a d e n o s in e  and  su b seq u en t activation  o f a PI receptor. V alues  
sign ifican tly  different from ATP ap p lica tion  a lo n e  on  resp ective  
d ays (P <  5% ) are d en o ted  by *. (C) A p p lication  o f  1 0 0  p.M 
a d e n o s in e  (Ad) resulted in a sign ificant (P <  5%) reduction  in ce ll  
num ber at 72  h. This co u ld  b e  inhibited  by preap p lication  o f the PI 
receptor antagonist, 8 SPT (30  |xM). V alues sign ificantly  different 
from control (P <  5%) are d en o ted  by *.

(Fig. 2 B). At 72 h, the effect o f ATP was only partially in
hibited by this antagonist.

S a te l l i te  c e l ls  e x p re s s  P2X  r e c e p t o r s  a n d  t h e  e x p re s s io n  
o f  P2X s r e c e p t o r  p r o t e in  a n d  m R N A  is r e g u la te d  by  

s e r u m  c o n d i t io n s

We investigated the presence o f different P2X receptor 
subunits on satellite cells maintained in growth and differ
entiating media by using selective antibodies to P2X,_y. 
We were unable to detect significant immunoreactivity for 
any o f  these receptors in cells maintained in GM. In con
trast, cells maintained in DM  were strongly immunoposi
tive for the P2X; receptor subunit only (Fig. 3 A). Using
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Figure 3. Regulation of P2X recep to r p ro tein  and  mRNA in satellite  
cells in v itro . (A) im m u n ocytoch em istry  for P2 X5 (green) and DAP! 
(blue) dem onstrated  that ce lls  m aintained  in DM  for 2 4  h stained  
m ore strongly for P 2 X s  than th ose  m aintained  in GM . N ote  that 
photographs w ere  taken using identical exp osu re tim es. Bar, 5 0  pm . 
(B) Sem iquantitative RT-PCR w a s used to investigate the expression  
of P 2 X  receptor m RNA in satellite ce lls . C ells m aintained  in DM , 
expressed  higher lev e ls  o f  P2 X5 receptor m RNA com p ared  with  
ce lls  m aintained  in GM . Sim ilarly P2Xz receptor mRNA w as on ly  
exp ressed  on  c e lls  in DM . P2 X4 and P2X^ receptor mRNA w as a lso  
expressed  by skeletal sa tellite ce lls , but exp ression  w as not effected  
by ch a n g es in m edium .

semiquantitative RT-PCR, we were able to demonstrate 
increased expression o f P2X; receptor mRNA (Fig. 3 B). 
RT-PCR experiments also provided evidence for the ex
pression o f P2X2, P2X4, and P2X<3 receptor mRNA (Fig. 3 
B). P2X2 receptor mRNA was expressed only at a very low 
level in cells maintained in DM , whereas P2X4 and P2X& 
receptor mRNA was expressed at similar levels in cells 
maintained under both conditions. Because the only P2X 
receptors to be differentially expressed were P2X2 and 
P2X5, this would implicate these receptors in the differen
tial response to ATP o f cells maintained in growth or dif
ferentiation medium and consequently the antiproliferative 
effects o f  ATP.

A T P a c t iv a te s  a  c a t i o n  c o n d u c ta n c e  in  s a te l l i t e  c e lls

We further investigated the action o f ATP on skeletal mus
cle satellite cells using electrophysiology. Cells were plated 
at low density and voltage clamped using the whole cell 
patch clamp technique. Rapid application o f 10 p,M ATP 
to voltage clamped cells evoked a small, sustained inward 
current o f  9.7 ±  1.6 pA (« =  22). These responses re
flected a current density o f  0.87 ± 0 . 1  pA/pF and acti
vated and inactivated quickly (Fig. 4 A). In contrast, UTP  
and ADP, which are potent agonists at some subtypes o f  
P2Y receptors (at a concentration o f 100 |xM), failed to 
evoke any significant response. The response to ATP was 
associated with an increase in membrane conductance. The 
current voltage relationship showed pronounced inward 
rectification and a reversal potential close to 0 mV (Fig. 4 
B; mean reversal potential —3.8 ±  4.7 mV, n =  8) indica
tive o f a nonselective cation conductance. The purinocep-
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Figure 4. N ucleo tide  responses o f m yoblasts reco rd ed  under 
w hole-cell voltage clam p a t - 6 0  mV. ( A )  W h ereas 1 0  pM  ATP 
ev o k es a rapidly activating, sustained  inward current, a tenfold  
higher concentration  o f the P2Y receptor agon ists UTP and ADP  
failed  to ev o k e  a response. (B) The current-voltage relationship  for 
the ATP activated  current reveals inward rectification and a reversal 
potential c lo se  to 0  mV. (C) T he response to 10  |xM ATP is inhibited  
by the purinoceptor antagonist PPADS, and recovers s lo w ly  on  
w ash in g  out the antagonist.

tor antagonist PPADS produced a potent inhibition o f the 
response to ATP (Fig. 4 C), which reversed only very 
slowly on washout.

A TP a p p l ic a t io n  in c r e a s e d  th e  e x p r e s s io n  o f  m a r k e r s  o f  
te r m in a l  d i f f e r e n t ia t io n  a n d  th e s e  e f f e c ts  c o u ld  b e  

in h ib i t e d  b y  p r e a p p l ic a t io n  o f  t h e  p u r i n o c e p to r  
a n ta g o n i s t  P PA D S

Because the processes o f skeletal satellite cell proliferation 
and differentiation are mutually exclusive (Lassar et ah, 
1994; Walsh and Perlman, 1997), ATP might be expected 
not only to inhibit satellite cell proliferation, but potenti
ate differentiation. Addition o f 100 ptM ATP increased the 
expression of myogenin and p21 , as judged by semiquanti
tative RT-PCR (Fig. 5 A). Preapplication o f 10 pM  
PPADS for 20 min inhibited this effect (Fig. 5 A). In
creased expression o f p21 by skeletal muscle satellite cells 
would be expected to result in irreversible cell cycle exit, 
such that removal o f  ATP would not rescue cells. In fact 
we found that treatment o f satellite cell cultures with 100 
pM  ATP for only 1 min (Fig. 5 B), was sufficient to cause
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a significant reduction in cell number at 72 h (28.8% ±  
3 .2 %, P <  5%). Preapplication o f PPADS (red), but not 
8-SPT, inhibited this effect (Fig. 5 B), confirming that the 
effects o f ATP are due primarily to P2 and not PI receptor 
activity. Furthermore, ATP application significantly in
creased (P <  5%) the number o f cells expressing M HC  
(194.3% ±  14.6% when 100 p.M ATP applied for 24 h) 
(Fig. 5 C) and the number o f myotubes formed in 24 h 
(Fig. 5, D and E) (201% ±  12.1% when 50 |xM ATP ap
plied). The increased MFiC expression produced by ATP 
(100 |JtM) could be inhibited by preapplication o f  PPADS 
(10 |jlM), but not RB2 (50 p.M).

A T P a p p l ic a t io n  in c r e a s e d  th e  p h o s p h o r y la t i o n  o f  

p 3 8  a n d  ERK 1 /2

MAPK signalling cascades have been implicated in the regu
lation o f myogenesis. Whereas the ERKs have been impli
cated in myoblast proliferation (Bennett and Tonics, 1997; 
Jones et ah, 2001), the p38 pathway has been implicated in 
myoblast differentiation (Chun et al., 2000; Wu et al., 2000; 
Zetser et al., 1999). We used antibodies specific for the 
active (phosphorylated) and inactive (nonphosphorylated) 
forms o f the p38 and ERK 1/2 proteins, to assess these sig
naling pathways at a range o f  time points (Fig. 6 , A and B).

Consistent with previous studies (Wu et ah, 2000; Zet
ser et al., 1999), we found that maintaining cells in D M  in 
itself (without the addition o f ATP) had significant effects 
on the p38 MAPK pathway. Even in untreated cultures, 
the levels o f phosphorylated p38 significantly (P <  5%) in
creased when cultures were maintained in D M  for > 2 4  h 
(7.2 ±  1.9-fold increase in p38 phosphorylation at 24 h 
relative to time zero). However, as reported by W u et al. 
(2000), we found no significant difference in ERK 1/2 
phosphorylation relative to time zero when cells were 
maintained in D M  for 24 h (2.0 ±  0.8-fold increase in 
ERK 1 phosphorylation at 24 h).

Figure 5. T rea tm en t o f sa te llite  cells w ith  ATP in creases the  
expression  of m arkers o f d ifferen tia tion . (A) Sem i-quantitative  
RT-PCR dem onstrated  increased  expression  o f m yogen in  and p21 
mRNA in ce lls  treated w ith  1 0 0  |jiM ATP for 2 4  h. P re-application  of 
PPADS inhibited the in crease o f both m yogen in  and p 2 1 . The 
ribosomal protein, 16S w as used as an internal control. (B) Application  
of 1 0 0  |xM ATP for 1 m in, fo llo w ed  by rep lacem en t w ith fresh 
m edia w ithout ATP, w a s sufficient to ca u se  a sign ificant (P <  5%) 
reduction in ce ll num ber (of 28 .8%  ±  3 .2%  com p ared  w ith  
untreated controls) at 72  h. This effect co u ld  b e  fully inhibited by 
PPADS (10 | j lM ) ,  but not 8 -SPT (30 |xM). (C) ATP ap p lication  for 2 4  h 
ca u sed  a co n cen tra tion -d ep en d en t increase in the  num ber o f ce lls  
p ositive for MHC. The effect o f ATP (1 0 0  | j lM )  c o u ld  b e  inhibited  by 
preapplication  of PPADS (10 | j lM  for 2 0  min), but not RB2 (50 j j lM ) . 

V alues significantly different from control (P <  5%) are d enoted  by *. 
(D) Treatm ent o f confluent cultures w ith 0 .0 5 - 5 0  |xM ATP for 2 4  h 
resulted in a concentration-dependent increase in m yotube formation. 
A b ove a concentration  o f  5 0  | j lM ,  the strong anti-proliferative effect o f 
ATP and co n se q u en t reduction in cell density, red u ced  the  num ber 
o f m yotu b es form ed. V alues sign ificantly  different from control 
(P <  5%) are d en oted  by *. (E) Treatm ent o f co n flu en t cultures w ith  
5 0  | j lM  ATP for 2 4  h resulted in sign ificantly in creased  (P <  5%) 
num bers o f m yotubes (201%  ±  12.1% ) (arrow heads). M yotubes are 
v isib le  in cultures sta ined  with DAPI for nuclei (blue) and skeletal 
m yosin  (red), as m ultinuclear ce lls , strongly im m u n o p o sitiv e  for 
m yosin . Bars, 2 0 0  jxm.
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Figure 6 . ATP ap p lication  to  sa te llite  cells m ain ta ined  in DM 
causes a  rap id  and  tran s ien t increase  in p h o sp hory la tion  of p38 
and  ER K l/2 . (A) W estern b lotting d em onstrated  that ap p lica tion  o f  
1 0 0  |xM ATP to cu ltures in creased  the lev e ls  o f p h osp h orylated  
p 3 8  and ERK 1/ 2 . R elative to tim e zero , ATP c a u se d  a sign ificant 
(P <  5%) in crease in the levels o f ERK 1/ 2 phosphorylation  at 1, 5, 
and 10 m in, but not 3 0  m in. Sim ilarly, ATP cau sed  a significant 
in crease in the levels o f phosphorylated  p 3 8  at 5 and 10 m in, but 
not 3 0  m in. In both the ca ses, the peak o f phosphorylation  w as at 
10 min and the effect o f ATP w as transient. C on sequ en tly  there w as  
no sign ificant d ifference in the levels o f  phosphorylated  p 38  and  
ERK 1/2 in treated and contro l cu ltu res 1 h after ATP a p p lica tio n . 
It sh o u ld  a lso  b e  n oted  that in untreated  cu ltures, the  lev e ls  o f  
p h osp h ory la ted  p 3 8  had sign ificantly  increased  at 1 h and 2 4  h, but 
there w as no  significant change in the level o f ERK1/2 phosphorylation  
over the  sa m e tim e period. ATP did not have any effect on  the levels  
of total p 3 8  or ERK 1/2. R epresentative W estern blots are sh ow n  
from o n e  set o f treated ce lls . (B) The levels o f phosphorylated  p 38, 
ERK 1 and ERK 2 from three independent experim ents w ere  analyzed  
using densitom etry and plotted as fold increases in phosphorylated  
protein, com p ared  with the levels at tim e 0 . Phosphorylated p 38  is 
plotted in red, ERK 1 in b lu e  and ERK 2 in green.

Despite the basal activities o f  the MAPK pathways, we 
found that treatment with ATP caused a rapid and signifi
cant increase in the levels o f  phosphorylated p38 and ERK 
1/2. Application o f 100 puM ATP to cultures maintained 
in DM caused a significant increase (P <  5%) in p38 phos
phorylation at 5 and 10 min (6.9 ±  0.9- and 11.0 ±  1.4- 
fold increase in p38 phosphorylation at 5 and 10 min, re
spectively, relative to time zero) (Fig. 6 , A and B). Similar 
but less dramatic changes were also seen with ERK 1/2 
phosphorylation. The fold increases in ERK 1/2 were 4.5 ±  
1.0 and 6.5 ±  1.8, respectively at 10 min (Fig. 6 , A and
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DM

PD98059 U0126
(50 nM) (lOuM)

TREATMENT

SB20358G 
(10 nM)

B

ATP CONCENTRATION (pM)

CONTROL 

I H  PD98059 (50 )iM)

U 0126(10nM )

■ ■  DICÜMAROL (100 nM)

I 1 SB203580(10nM )

Figure 7. Inhibitors of the MARK pathw ays have effects on satellite 
cell num ber, but only the inhibitor of p 3 8 a  and p38(3 activation 
(SB203580) blocked the effects of ATP. (A) P D 9 8059  (50 jjlM ), U 0 1 2 6  
(10  |xM) and S B 2 0 3 5 8 0  (1 0  |xM) w ere  a p p lied  to  sa te llite  c e lls ,  
m ainta in ed  in GM or DM  for 1 2 -1 6  h, the m edium  changed and cell 
number assessed  at 2 4  h. Inhibitors of ERK 1/2 activation (PD 9 8 0 5 9  
and U 0126) caused  a significant reduction (P <  5%) in cell number, 
w hen  cells w ere m aintained in GM or DM. This effect w as greater on  
cells m aintained in GM, than those in DM . Application of U 0 1 2 6  
caused  a 34 .84%  ±  4.01 % decrease in cell number at 2 4  h, w h en  cells  
w ere m aintained in GM, as com pared with an 11.73%  ±  1.64%  
decrease, w hen  cells w ere m aintained in DM . SB 203580  application  
had no significant effect on cell number w h en  cells w ere m aintained in 
GM or DM . V alues significantly different from the relevant control (DM  
or GM) (P <  5%) are denoted by *. (B) Inhibitors o f the ERK 1/2, p38, 
and JNK MAPK signaling pathways (PD 98059 , U 0 1 2 6 , S B 2 0 3 5 8 0  and 
dicumarol) w ere tested for their ability to inhibit the effect o f ATP on  
satellite cell number. P D 98059  (50 |xM), U 0 1 2 6  (10  p-M), dicum arol 
(100 |xM), and S B 203580  (10 p-M) w ere preapplied for 3 0  min in the  
case  o f P D 9 8059  and U 0 1 26 , and 1 h in the case  o f dicumarol and  
S B 203580 , before application of ATP. As previously dem onstrated  
application of 10  or 100 p,M ATP caused  a significant reduction in cell 
number. T hese effects w ere not inhibited by P D 98059 , U 0 1 2 6 , or 
dicum arol. H ow ever, S B 203580  an inhibitor o f p 3 8 a  and p 3 8 p  
activation com pletely  prevented the effect o f 10  p-M ATP and partially 
prevented the effect o f 100  p,M ATP. V alues significantly different from 
control (P <  5%) are denoted by *.
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B). These effects were transient, such that 1 h after applica
tion, there was no significant difference in p38 or ERK 1/2 
phosphorylation between treated and untreated cultures 
(Fig. 6 A). After 3 h, cultures treated with ATP had levels 
of p38 phosphorylation, which were not significantly dif
ferent from the levels o f p38 phosphorylation in untreated 
cultures after 1 or 24 h (Fig. 6 A).

In h ib itio n  o f  p 3 8  ac tiv ity  p re v e n te d  th e  A T P -d ep en d en t 
re d u c tio n  in ce ll p ro life ra tio n
In order to determine whether the trophic effects of ATP 
were dependent on activation of MAPK signaling pathways, 
we used a variety of specific inhibitors of MAPK activity. 
We found that application of specific inhibitors of MFKl 
(responsible for FRK activation), PD95809, and U0126 
(Alessi et al., 1995; Favata et al., 1998), resulted in a de
crease in cell number (Fig. 7 A). This effect was greater on 
cells maintained in GM than on cells maintained in DM. At 
24 h, U0126 (10 p,M) reduced the total number of cells 
present to 65.16% ±  4.01% of that seen on treated cultures, 
when cells were maintained in GM, as compared with 
88.27% ±  1.64%, when cells were maintained in DM  (Fig. 
7 A). In contrast, SB203580, the specific inhibitor of p38a  
and p38P MAPKs (Lee et al., 1994; Cuenda et al., 1995), 
had no significant effect on cell number when cells were 
maintained in either GM or DM (Fig. 7 A).

These inhibitors were also tested for their ability to pre
vent the effects o f ATP on satellite cells (Fig. 7 B). As previ
ously demonstrated, ATP caused a significant reduction in 
cell number at 24 h when applied at concentrations of 10- 
100 p-M. The effect o f 10 jJuM ATP on cell number 
(61.90% ±  3.15% of that seen on untreated cultures) was 
completely inhibited by preapplication of SB203580 (Fig. 7
B), but not by preapplication of PD98059 (50 |JlM ), U0126 
(10 |xM), or dicumarol (a specific inhibitor of c-Jun N H 2- 
terminal kinase (JNK) activity, when applied at a concentra
tion of 100 jJuM) (Cross et al., 1999; Krause et al., 2001) 
(Fig. 7 B). Similarly, only SB203580 inhibited the effects of 
100 |xM ATP at 24 h. In this case, the effects o f ATP on cell 
number were partially inhibited (Fig. 7 B).

Discussion
Although Kolb and Wakelam’s (1983) demonstration of 
the transmitter-like effects of ATP on chick skeletal muscle 
cultures prompted a number of studies on the effects of 
ATP and other nucleotides on myotubes, there has been lit
tle further research on myoblasts. In this paper, we use pri
mary cultures o f rat skeletal muscle satellite cells to identify 
not only the P2 receptor subtypes expressed by myoblasts, 
but to demonstrate that activation of these receptors can 
regulate muscle formation. ATP acts on cells maintained in 
low-serum conditions to inhibit proliferation and potenti
ate the expression of markers of differentiation including 
myogenin and p21. Surprisingly, we found that these ef
fects were mediated by an ionotropic P2X receptor, con
taining the P2X5 receptor subunit and involved activation 
of the MAPK signaling cascades.

Primary rat satellite cells in vitro proliferate, commit to 
differentiation and fuse to form myotubes in a manner anal

ogous to muscle formation in vivo. This has allowed us to 
investigate the effects of ATP on skeletal muscle regenera
tion in an easily accessible and well-characterized system. 
Using this model, we found that ATP had significant effects 
on satellite cell activity. Application of 100 |jlM  ATP in
creased the expression of myogenin and the cell cycle arrest 
protein p21 at 24 h, and these effects could be blocked using 
PPADS. Expression of these nuclear proteins has been 
shown to be necessary for terminal differentiation of myo
blasts. Myogenin-null mice, in accordance with the appear
ance of myogenin at the onset of differentiation, die perina- 
tally due to a severe deficiency of differentiated muscle fibers 
(Hasty et al., 1993; Nabeshima et al., 1993). As would be 
expected, upregulation of these transcription factors by 
ATP; (a) potentiated terminal differentiation of satellite 
cells, as judged by the expression of MHC and myotube for
mation; and (b) inhibited satellite cell proliferation. Consis
tent with evidence that ATP increased expression of p21, we 
found that the effect of ATP was irreversible. Incubating 
cells with media containing 100 |xM ATP for 1 min, fol
lowed by replacement with fresh medium still produced a 
reduction in cell number.

The antiproliferative effects of ATP at 24 h could not be 
replicated by application o f adenosine, ADP, UTP, or 
a-P-methylene ATP, and were inhibited by PPADS, but 
not RB2. However, PPADS is effective at P2Yi receptors 
(Schachter et al., 1996, 1997); as ADP (a P2Yi receptor ag
onist) had no effect on cell number, this receptor is unlikely 
to be involved. Therefore, antagonism by PPADS would 
implicate a P2X receptor (P2Xi, P2X2, P2X;, or P2X5) 
(Lambrecht, 2000). The fact that the P2Xi- and P2X3- 
selective agonist, a-^-methylene ATP, was found to have 
no significant effect on cell number, suggests that the recep
tor involved contained the P2X2 or P2X$ receptor subunits. 
However, RB2 an antagonist at the P2X2, but not the P2X5, 
receptor subunit (King et al., 1997; Wildman, S.S., S.G. 
Brown, M. Rahman, G. Burnstock, J. Urwin, and B.F. 
King. 2002. Joint Meeting: The Physiological Society, 
Scandinavian Physiological Society, and Deutsche Physiol- 
ogische Geselschaft. 81st Annual Meeting. 31 [Abstr.]), 
could not inhibit the effects o f ATP on cell number. There
fore, although we cannot rule out the possibility of a novel, 
yet to be cloned receptor, this data points strongly to the in
volvement of the P2X5 receptor.

P2Y receptors are also known to be present in skeletal 
muscle (Parr et al., 1994; Meyer et al., 1999a; Choi et al., 
2001) and the increase in cell number on UTP application 
could be explained by activation of a P2Y2 or P2Y4 receptor. 
Because prolonged application of adenosine produced a sig
nificant reduction in cell number, which could be inhibited 
by preapplication of the PI antagonist, 8-SPT, the presence 
of a PI receptor was also demonstrated. However, the effect 
of ATP applied for 1 min, could only be inhibited by preap
plication o f PPADS and not 8-SPT. These results suggest 
that although PI and P2Y receptors are expressed by satellite 
cells, a P2X receptor is primarily responsible for the effects 
of ATP studied in this paper.

The antiproliferative and differentiating effects of ATP 
could be considered counterintuitive. An obvious, but by no 
means the only, source of ATP under physiological condi
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tions is damaged myofibers. However, muscle trauma, far 
from inhibiting satellite cell proliferation, activates quiescent 
satellite cells to reenter the cell cycle and proliferate. Trauma 
also results in the release of many other trophic factors, in
cluding hepatocyte growth factor and FGFs, known to be 
capable of promoting satellite cell proliferation (Hawke and 
Garry, 2001). Therefore, purinoceptor signaling is likely to 
be only one of many active systems in vivo. Maintenance of 
cells in high-serum media (GM), when increased levels of 
trophic factors are likely to be present, could be considered 
analogous to these conditions. We foimd that ATP had no 
effect on cell number even at a concentration o f 100 jjlM , 

when cells were maintained in GM. Furthermore, under 
low-serum conditions, ATP not only inhibited cell prolifera
tion, but also potentiated differentiation. This would sug
gest that the ATP effects studied in this paper relate predom
inantly to late events in muscle regeneration, when the levels 
of other trophic factors have fallen and controlled release of  
ATP from motoneurons (Redman and Silinsky, 1994; Silin- 
sky and Redman, 1996) and muscle activity (Smith, 1991; 
Cunha and Sebastiao, 1993; Hellsten et al., 1998) can influ
ence satellite cell activity.

One way o f varying the response of satellite cells to ATP is 
to regulate receptor expression. We found that whereas cells 
maintained in GM expressed no P2X receptor proteins, cells 
maintained in DM expressed high levels o f the P2X; recep
tor subunit. Furthermore, maintaining cells in low-serum 
medium increased the expression of P2X) receptor mRNA 
and stimulated the expression of P2X2 receptor mRNA. Be
cause the only P2X receptor to be differentially expressed 
(on the basis o f protein and mRNA) was P2X$, this would 
implicate this receptor in the differential response of cells 
maintained in growth or differentiation medium to ATP 
and consequently the antiproliferative effects o f ATP. Cer
tainly the pharmacological profile observed (see above) is 
consistent with this suggestion.

The mechanism by which P2X5 receptor activation pro
duced effects on satellite cell activity was also investigated. 
We were able to demonstrate that ATP application to satel
lite cells produced a significant and rapid increase in the 
phosphorylation of p38 and, to a lesser extent, ERK 1/2. 
However, only inhibition of p38a and p38(3 activation 
blocked the P2X-dependent effects on cell number. These re
sults are consistent with previous studies demonstrating the 
importance of the p38 MAPK signaling pathway in myogen
esis. p38 can directly activate the MEF2 transcription factors 
in skeletal muscle (Zetser et al., 1999; Wu et al., 2000), and 
together with the MyoD family, MEF2 transcription factors 
are necessary for the differentiation of myoblasts (Black and 
Olson, 1998; Molkentin et al., 1995). Thus, overexpression 
of p38 isoforms or upstream activators stimulate myogenesis, 
whereas inhibition of p38 activation prevents formation of 
myotubes (Wu et al., 2000; Zetser et al., 1999).

P2X5 receptor activation results in a rapid and transient 
flow of cations across the plasma membrane. Thus, like all 
ionotropic receptors, P2X$ has been viewed as a mediator of 
transient cellular events. However, recent research on vari
ous ligand-gated ion channels, including P2Xy (a member of  
the P2X receptor family), demonstrates that ionotropic re
ceptors interact with cytoskeletal and signaling proteins

(Sheng and Pak, 2000; Kim et al., 2001) and can produce 
long-term effects on cellular activity. A number of proteins 
capable of activating intracellular signalling pathways have 
been shown to interact with the P2Xy receptor, such as 
phosphatidylinositol 4-kinase (Kim et al., 2001), and it is 
known that this receptor can activate the p38, ERK 1/2 and 
JNK MAPK signaling cascades (Humphreys et al., 2000; 
Panenka et al., 2001). Furthermore, activation of the P2Xy 
receptor has been shown to produce caspase-dependent ap- 
optosis in various cell types, including microglia, dendritic, 
and mesangial cells (Schulze-LohoflF et al., 1998; Coutinho 
Silva et al., 1999; Ferrari et al., 1999). Thus, the results pre
sented in this paper suggest that activation of the P2X$ re
ceptor can produce changes in MAPK signaling pathways by 
analogous mechanisms.

Although in this paper we have only investigated satellite 
cells in vitro, recent immunohistochemical and in situ lo
calization studies demonstrate that P2X receptors, notably 
P2X5, are also expressed during skeletal muscle formation in 
vivo (Meyer et al, 1999b; Ruppelt et al., 2001; Ryten et al., 
2001). P2X2, P2X5, and P2X<j receptor expression have 
been demonstrated in developing rat and chick skeletal 
muscle (Meyer et al, 1999b; Ruppelt et al., 2001; Ryten et 
al., 2001). In chick, P2Xg receptor mRNA and protein was 
detected not only on myotubes, but also muscle precursor 
cells in the dermamyotome (Meyer et al., 1999b; Ruppelt et 
al., 2001). These results suggest that signaling through a 
P2X receptor containing the P2X; subunit may be impor
tant in muscle formation in vivo, whether in development 
or regeneration of skeletal muscle. Similarly, immunohis
tochemical localization of P2X$ in the differentiating cell 
layers of stratified squamous epithelial tissues suggest a gen
eral function for P2X$ receptor-mediated signaling in regu
lating the balance between cell proliferation and differentia
tion in a variety of systems.

In summary, we demonstrate in this paper a novel role for 
ATP in the regulation of skeletal muscle formation. Under 
differentiating conditions, ATP acts on satellite cells to in
hibit proliferation and increase the rate of differentiation. 
These effects are mediated by upregulation of myogenin and 
the cell cycle regulator p21. Surprisingly, the effect o f ATP is 
due to the activation of an ionotropic P2X receptor, con
taining the P2X5 receptor subunit. Although a role for P2Xg 
in cell differentiation has been proposed, this is the first 
functional evidence. Thus these results not only open the 
way for a new therapeutic target in the treatment of myo
genic disorders, but also a new role for P2X receptors in the 
control o f cell cycle and fate.

M aterials and m ethods
Tissue cu ltu re
Primary cultures of skeletal.muscle satellite cells were prepared using a 
protocol adapted from Daniels et al. (2000). Briefly, skeletal muscle was 
dissected from the hindlimbs of 1- to 2-d-old, neonatal Sprague Dawley 
rats and finely chopped using a Mcllwain Tissue Chopper. After digestion 
in trypsin and collagenase (Sigma-Aldrich), the resulting suspension was 
filtered using a 200 p.m mesh and centrifuged. The pellet was resus
pended and the resulting cell suspension preplated to remove fibroblasts. 
Cells were then replated on 1 % gelatin-coated dishes and m aintained for 
1 to 2 days in DME supplemented with 10% PCS, 10% normal horse se
rum (NHS; GIBCO-BRL), 0.5% gentamicin, and 0.5%  ampicillin (termed 
GM; Sigma-Aldrich). Skeletal satellite cells were then selectively detached
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using 0.05%  Dispase II (Roche), preplated to remove fibroblasts, and then 
finally plated at 1 0 " cells/cm^ on laminin-coated coverslips or plasticware 
as appropriate. Cells w ere maintained in CM or DME supplemented with 
5% NHS (DM), at 37°C and 5% CO 2. Freshly isolated cells were used for 
each experiment.

Electrophysiology
W hole-cell patch clamp recordings were carried out as described previ
ously by Zhong et al. (1998). Agonists were applied rapidly by microperfu
sion from a four-barrel manifold controlled by computer-driven solenoid 
valves. Data were acquired using pCIamp v8  software (Axon Instruments), 
and plotted using Origin v4.1 (Microcal). The current-voltage relationship 
for the ATP activated current was obtained by subtracting the current re
sponse to a ramped change in voltage ( - 6 0  to -1-20 mV, 0.6 s) in the ab
sence of agonist from that recorded in the presence of ATP.

Im m unocytochem istry
Skeletal satellite cells were plated on laminin-coated glass coverslips or 
laminin-coated 8 -well LabTek chamberslides (Nunc Life Technologies) for 
immunocytochemistry. In both cases, cells were fixed for 20 min in 4% 
paraformaldehyde. After washing in PBS, cells were permeabilized and non
specific binding sites were blocked using 10% normal goat serum (NGS) -I- 
0.2% Triton X-100 in PBS. Fixed cells were incubated with primary anti
bodies, diluted in 10% NGS + 0.2% Triton X-100 in PBS, overnight at room 
temperature. The primary antibodies used were rabbit anti-P2 X,_7 (Roche); 
rabbit anti-P2Y,, P2 Y2, and P2 Y4 (Alomone Laboratories); MF20 (University 
of Iowa Developmental Studies Hybridoma Bank); and rabbit antiskeletal 
myosin (Sigma-Aldrich). These antibodies were used at the following con
centrations: rabbit anti-P2 Xi_7, 5 |xg/ml; MF20, 1:100 of hybridoma super
natant; and rabbit antiskeletal myosin, 1:100. After washing in PBS, cells 
were incubated with fluorescence-labeled secondary antibodies for 1 h at 
37°C. Donkey anti-rabbit Cy3 (1:500 in 1% NHS in PBS) or Oregon green- 
labelled goat anti-mouse/rabbit secondary antibodies (Stratech Scientific) 
(1:100 in 1% NGS in PBS) were applied as appropriate. In some cases, cell 
nuclei were also stained by incubation with DAPI (Sigma-Aldrich) at 0.6 jig/ 
ml in PBS for 1 h at room temperature. Control experiments were carried out 
with the primary antibody omitted from the staining procedure and, in the 
case of the rabbit anti-P2 Xi_7 antibodies, the primary antibody preabsorbed 
with the peptides used to immunize the rabbits.

Drugs used
ATP, ADP, UTP, a-P-meATP (lithium salt), RB2, 8 -SPT, and 3,3'-methylene- 
bis-(4-hydroxy-coumarin) (dicumarol) were purchased from Sigma-Aldrich. 
PPADS (tetrasodium salt) was supplied by Tocris Cookson Ltd. The kinase in
hibitors PD98059, U0126, and SB203580 were purchased from Calbiochem.

Cell counting
Cell number was assessed directly, after trypsin treatment, by staining with 
trypan blue for viability and counting using a haemocytometer, or indi
rectly by DNA quantification using the Fluoreporter Blue Fluorometric ds- 
DNA Quantification kit (Molecular Probes).

MHC expression
The number of cells positive for MHC was assessed by first staining cultures 
with MF20 (see above) and then counting the number of immunoreactive 
cells in five random fields on three separate coverslips for each treatment.

M yotube assay
Skeletal satellite cells were plated at a density of 5 x  10" cells/cm^ on 
laminin-coated glass coverslips and maintained in GM overnight. After 
treatm ent for 24 h, cells w ere fixed in 4%  paraformaldehyde for 20 min. 
Myotubes were scored for five random fields on three separate coverslips 
for each treatment.

D ata analysis
Cell/myotube number was expressed as a percentage of that at time zero or 
as a percentage of the cell/ myotube number in the untreated, control wells 
after the same time in culture. Each experiment was conducted at least three 
times with separate preparations of satellite cells. Test and control cultures 
were run in parallel on each occasion. Differences in cell/myotube number 
were assessed for significance using a paired, two-tailed Student's f test.

BrdU in corpora tion  assay
Skeletal satellite cells were plated at a density of 1 x  10" cells/cm^ on lami
nin-coated glass coverslips and maintained in DM overnight. Cells were

then treated with ATP and maintained for 12 h, prior to addition of BrdU (at 
a concentration of 50 |xM). After a further 12 h, coverslips were washed 
with PBS to remove nonadherent cells and the remaining cells fixed with 
95% ethanol. Cells were treated with 2 M hydrochloric acid, washed with 
PBS and incubated with 10% NGS + 0.2% Triton X-100 in PBS for 1 h. The 
cells were then incubated with mouse anti-Brdu antibody, 1:1,000 in 10% 
NGS in PBS (Sigma-Aldrich) overnight and staining visualized using O re
gon green-labelled goat anti-m ouse secondary antibody (Stratech Scien
tific). Nuclei were stained using DAPI. The percentage of proliferating cells 
(nuclei immunopostive for BrdU/nuclei staining for DAPI) was scored for 
five random fields on three separate coverslips for each treatment.

RT-PCR
Total RNA was extracted from skeletal satellite cells using the SV Total RNA 
Isolation System (Promega). RT-PCR was performed using Ready-to-Go RT- 
PCR beads (Amersham Pharmacia Biotech). Reverse transcription was per
formed using the Moloney murine leukemia virus reverse transcriptase. 
Primer sequences for P2 Xi_7 (Shibuya et al., 1999), p21 (Wong et al., 2000), 
and myogenin and 16S (Ogilvie et al., 2000) were used for amplification re
actions, as reported previously. The amplification reaction, performed in the 
same reaction tube, was conducted under the following conditions 95°C for 
30 s, the relevant annealing temperature for 30 s, and 72°C for 1 min, plus 
an additional cycle with an elongation time of 5 min. To normalize mRNA 
levels between samples, PCR reactions were performed for 16 s (ribosomal 
protein). Amplification products were separated by electrophoresis and vi
sualized by ethidium bromide staining. According to densitometric analysis 
of the PCR products (BioRad Multi-Imager software), sample loading was 
adjusted for subsequent PCR reactions for P2 Xi_7, p21, and myogenin. The 
presence of possible contaminants was investigated in all experiments, us
ing control RT-PCR reactions in which, either mRNA had been omitted or 
the reverse transcriptase had been inactivated by heating to 95°C.

Protein p rep ara tio n  and  W estern  b lo tting  for th e  MAPK pro teins
Skeletal satellite cells were plated at a density of 1 X 10" cells/cm^ on 
laminin-coated dishes and maintained in DM overnight. Cells were then 
treated with 100 ixM ATP for time periods ranging from 0 min to 24 h. Af
ter treatment with ATP, cells were quickly rinsed twice with ice-cold PBS, 
collected in PBS, and pelleted at 13,000 g  for 10 min. Cells were then 
lysed in a buffer containing 20 mM Tris, pH 7.0, 0.27 M sucrose, 1 mM 
EDTA, 1 mM EGTA, 50 mM sodium fluoride, 1 mM DTT, 1 mM sodium 
orthovanadate, 10 mM sodium p-glycerophosphate, 1% Triton X-100, 1 
(jLg/ml pepstatin A, 4 (xM leupeptin, 30 |xl/ml aprotinin, and 0.1 mg/ml 
AEBSF (Calbiochem) for 20 min on ice. The resulting homogenate was 
centrifuged at 13,000 g  for 10 min. The protein concentration was deter
mined using the modified Lowry procedure (Peterson, 1983).

Samples containing equal amounts of protein were subjected to SDS- 
PAGE using 11% acrylamide and transferred to nitrocellulose filters. Filters 
were incubated with a blocking solution containing 20 mM Tris, pH 7.7, 
137 mM NaCi, 0.1% Tween 20 (TTBS), and 5% nonfat dry milk for 1 h at 
room temperature, rinsed in TTBS, and then incubated for 1 h at room tem
perature with specific primary antibodies. The antibodies used were all di
luted in 5% bovine serum albumin in TTBS at the following concentrations: 
rabbit ant-ERK 1/2, 1:5,000 (Cell Signaling Technology); rabbit anti-phos- 
pho-ERK 1/2, 1:2,000 (Santa Cruz Biotechnology); rabbit anti-p38, 1:1,000 
(Cell Signaling Technology); and mouse anti-phospho-p38, 1:1,000 (Cell 
Signaling Technology). After three rinses in TTBS, filters were incubated for 1 h 
at room temperature with peroxidase-conjugated anti-rabbit or anti-mouse 
IgG diluted in TTBS (1:20,000 or 1:10,000, respectively) (Amersham Life 
Sciences). Filters were washed three times in TTBS, and proteins were de
tected by enhanced chemiluminescence (Amersham Life Sciences). Results 
were analysed using densitometry (Bio-Rad Multi-Imager software).

The MF20 monoclonal antibody developed by Donald A. Fischman was 
obtained from the Developmental Studies Hybridoma Bank (Iowa City, lA). 
The authors thank Yuan Kang for her help and technical assistance, and 
Roche Bioscience for providing antibodies.
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