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BNORMALITIES IN NEUROMUSCULAR JUNCTION STRUCTURE
ND SKELETAL MUSCLE FUNCTION IN MICE LACKING

HE P2X2 NUCLEOTIDE RECEPTOR
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bstract—ATP is co-released in significant quantities with
cetylcholine from motor neurons at skeletal neuromuscular
unctions (NMJ). However, the role of this neurotransmitter in

uscle function remains unclear. The P2X2 ion channel re-
eptor subunit is expressed during development of the skel-
tal NMJ, but not in adult muscle fibers, although it is re-
xpressed during muscle fiber regeneration. Using mice de-
cient for the P2X2 receptor subunit for ATP (P2X2

�/�), we
emonstrate a role for purinergic signaling in NMJ develop-
ent. Whereas control NMJs were characterized by precise

pposition of pre-synaptic motor nerve terminals and post-
ynaptic junctional folds rich in acetylcholine receptors
AChRs), NMJs in P2X2

�/� mice were disorganized: misappo-
ition of nerve terminals and post-synaptic AChR expression
ocalization was common; the density of post-synaptic junc-
ional folds was reduced; and there was increased end-plate
ragmentation. These changes in NMJ structure were associ-
ted with muscle fiber atrophy. In addition there was an
ncrease in the proportion of fast type muscle fibers. These
ndings demonstrate a role for P2X2 receptor-mediated sig-
aling in NMJ formation and suggest that purinergic signal-

ng may play an as yet largely unrecognized part in synapse
ormation. © 2007 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: ATP, acetylcholine, knockout, mouse, nerve ter-
inal, synapse.

t is well established that ATP is co-released with acetyl-
holine (ACh) from motor nerve terminals (Redman and
ilinsky, 1994; Redman and Silinsky, 1996). While ACh is

he transmitter that mediates via nicotinic receptors muscle
ontraction in mature animals, during early development
oth ATP, acting via P2X ion channel receptors (Ralevic
nd Burnstock, 1998) and ACh mediate muscle responses

Corresponding author. Tel: �44-0-20-7830-2948; fax: �44-0-20-
830-2949.
-mail address: g.burnstock@ucl.ac.uk (G. Burnstock).
bbreviations: ACh, acetylcholine; AChR, acetylcholine receptor;
, embryonic day; NMJ, neuromuscular junction; P, postnatal day;

�/�
a
BS, phosphate-buffered saline; P2X2 , P2X2 receptor knockout
ouse.

306-4522/07$30.00�0.00 © 2007 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2007.06.050
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Kolb and Wakelam, 1983; Henning, 1997; Heilbronn and
riksson, 1998). P2X2 receptor subunits are expressed
uring early postnatal development, when neuromuscular

unction (NMJ) maturation and patterning occur, but disap-
ear in the adult (Ryten et al., 2001). Furthermore, this
eceptor is re-expressed in the later stages of muscle
egeneration in the mdx mouse model of muscular dystro-
hy (Ryten et al., 2004; Jiang et al., 2005). Also direct
ostjunctional responses to ATP reappear after denerva-
ion of chick skeletal muscle (Wells et al., 1995).

Electrophysiology, immunohistochemistry and reverse
ranscriptase polymerase chain reaction have demon-
trated the expression of a range of purinoceptors in de-
eloping skeletal muscle, including P2X2, P2X5, P2X6,
2Y1, P2Y2 and P2Y4 (Kolb and Wakelam, 1983; Hume
nd Thomas, 1988; Thomas et al., 1991; Henning et al.,
992; Meyer et al., 1999a,b; Bo et al., 2000; Ruppelt et al.,
001; Ryten et al., 2001; Cheung et al., 2003). Specific
oles in skeletal muscle fiber formation and function have
een identified for two of these receptors. While activation
f the P2Y1 receptor has been shown to regulate acetyl-
holine receptor (AChR) and acetylcholinesterase (AChE)
xpression at NMJs (Choi et al., 2001; Ling et al., 2004),
he P2X5 receptor has been implicated in the regulation of
yoblast activity and muscle regeneration (Ryten et al.,
002, 2004). The function of the P2X2 receptor is less
lear. However, the singular ability of this receptor type to

nteract with nicotinic AChRs to produce cross-inhibition of
hannel opening (Nakazawa, 1994; Barajas-López et al.,
998; Searl et al., 1998; Zhou and Galligan, 1998; Khakh
t al., 2000), and the timing of P2X2 receptor expression

n development suggests a role for purinergic signaling
n the late stages of NMJ formation and patterning.

In the present study we use the P2X2 receptor knock-
ut mouse (P2X2

�/�) (Cockayne et al., 2005) to investi-
ate the role of the P2X2 receptor in NMJ development and
keletal muscle function.

EXPERIMENTAL PROCEDURES

nimals

2X2
�/� mice were generated by introducing a deletion encom-

assing exons 2–11 into the mouse P2X2 gene (see Cockayne et
l., 2005 for details).

mmunohistochemistry and histology

our female wild-type and four P2X2
�/� mice were killed by CO2

sphyxiation and death was confirmed by cervical dislocation

ccording to Home Office (UK) regulations covering Schedule 1

ved.
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rocedures. All experiments conformed to the Royal Free and
niversity College Medical School guidelines on the ethical use of
nimals; experiments were designed to minimize the use and
uffering of animals. The soleus muscles were rapidly removed.
uscle samples used for the assessment of muscle fiber number,
uscle fiber size or muscle fiber type were cut such that the mid-belly

egion was isolated, covered with OCT compound and frozen in
iquid nitrogen–cooled isopentane. Cryostat sections (12 �m) were
ut to produce transverse muscle sections. Sections showing the

argest muscle bulk were collected on gelatinized slides, stained with
oluidine Blue and used for assessment of muscle fiber number and
ize. For assessment of muscle fiber type by demonstration of myo-
brillar ATPase we followed the method described by Dubowitz
1985) with preincubation of fresh frozen muscle sections in alkali
uffer (pH 9.4). In order to immunostain for fast skeletal muscle
yosin, cryostat sections were fixed in 4% formaldehyde in 0.1 M
hosphate buffer for 2 min, rinsed several times in phosphate-buff-
red saline (PBS) and incubated overnight with a monoclonal anti-
ody (diluted 1:100 in 10% goat serum in PBS) that exclusively
ecognizes fast skeletal muscle myosin (Sigma Chemical Co., Poole,
K). Immunoreactivity was visualized by incubation with goat anti-
ouse fluorescein-conjugated secondary antibody (Stratech Scien-

ific, Newmarket, UK). Muscle samples used for visualization of
MJs were pinned at proximal and distal ends to sylgard and fixed in
% paraformaldehyde in PBS for 45 min, rinsed briefly and sunk in
0% sucrose in PBS. Following fixation, muscle fibers were teased
part using fine forceps and incubated with Texas Red–labeled
-bungarotoxin (Invitrogen Ltd., Paisley, UK) diluted 1:1000 in PBS.
o immunostain for synaptophysin, teased muscle fibers were incu-
ated overnight in rabbit anti-synaptophysin antibodies (Synaptic
ystems, Goettingen, Germany) diluted 1:100 in 10% goat serum in
BS. Immunoreactivity was visualized using goat anti-rabbit fluores-
ein-conjugated secondary antibody (Stratech Scientific). Images
ere captured using a Leica (Heerbrugg, Switzerland) confocal mi-
roscope and the sum pixel function Leica analysis software to
ollapse z-series stacks taken through entire NMJs.

nalysis of AChR expression at NMJs

eased muscle fibers stained with Texas Red–labeled �-bunga-
otoxin and photographed as described above, were used for
nalysis of AChR expression at NMJs. Using Scion Image anal-
sis software (NIH, USA) the number of AChR clusters per NMJ
nd total area of AChR expression per NMJ were measured. A
inimum of 45 NMJs (taken from at least three mice) were sam-
led to make up each experimental group. End-plate morphology
cluster number) in wild-type and P2X2

�/� soleus muscles were
ompared using the Mann-Whitney test since the data were
learly not normally distributed. The total area of AChR expression
er NMJ in wild-type and P2X2

�/� soleus muscles was compared
sing a two-tailed unpaired Student’s t-test. A probability level of
�0.05 was taken as significant in all tests.

easurement of muscle fiber number

minimum of five samples, each taken from different mice (n�4),
as used to assess muscle fiber number in wild-type or P2X2

�/�

oleus muscles. Soleus muscle sections prepared as described
bove were used for analysis and photographed under �2.5 mag-
ification using a Nikon digital camera. Muscle fiber numbers were
ounted by enlarging the screen image and using a grid (to prevent
ccidental re-counting of fibers). Wild-type and P2X2

�/� soleus mus-
le fiber numbers were compared using an unpaired Student’s t-test.
he numbers of fast (type II) muscle fibers, as demonstrated by
yofibrillar ATPase were measured in a similar manner and ex-
ressed as a % of the total number of muscle fibers counted. The
ercentage of fast type muscle fibers in wild-type and P2X �/�
2

oleus muscle was compared using an unpaired Student’s t-test. e
ssessment of the incidence of centrally
ucleated fibers

minimum of four samples from different mice (n�4) was used to
ssess the incidence of centrally nucleated fibers in wild-type or
2X2

�/� soleus muscles. Using the method described above, the
otal number and the number of centrally nucleated muscle fibers
ere counted. The incidence of centrally nucleated muscle fibers

expressed as a percentage of the total number of muscle fibers) in
ild-type and P2X2

�/� muscle was compared using an unpaired
tudent’s t-test.

easurement of muscle fiber cross-sectional area

minimum of five different samples, each taken from different
ice, was used to assess muscle fiber cross-sectional area in
ild-type or P2X2

�/� soleus muscles. Soleus muscle sections
repared as described above were used for analysis, and photo-
raphed under �20 magnification using a Nikon digital camera.
wo sections per muscle were analyzed. Images were viewed on
computer screen and a 200 �m�200 �m grid was applied to

ach image. Random selection of muscle fibers was achieved by
aking fiber area measurements only on fibers overlying points of
rid intersections. Cross-sectional fiber area was measured using
cion Image analysis software and expressed in �m2. In this way
t least 70 muscle fibers (approximately 8% of muscle fibers) were
ampled from each image and a total of 702 wild-type and 719
2X2

�/� soleus muscle fibers were measured. Average cross-
ectional fiber areas (calculated for each muscle sample) from
ild-type (n�5) and P2X2

�/� (n�5) soleus muscles were com-
ared using a two-tailed unpaired Student’s t-test.

lectron microscopy

oleus muscles from three wild-type and three P2X2
�/� animals

ere fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer,
ashed, post-fixed in 1% osmium tetroxide (OsO4), dehydrated in
raded alcohol and embedded in resin. Thin longitudinal sections
ere cut at 80 nm thick, stained with uranyl acetate and lead
itrate and examined under a JEM-1010 electron microscope. To
uantify fold density, the total length of terminal contact was
easured on photomicrographs and the number of junctional

olds that could be seen was recorded. Measurements from wild-
ype and P2X2

�/� muscles were compared using a two-tailed
npaired Student’s t-test.

hysiology

he soleus muscle from five wild-type and five P2X2
�/� mice was

issected free and placed in continually gassed (95% O2/5% CO2)
odified Krebs solution (mM): NaCl, 133; KCl, 4.7; NaHCO3, 16.4;
gSO4, 0.6; NaH2PO4, 1.4; glucose, 7.7; and CaCl2, 2.5; pH 7.3
t 37�1 °C. One end of the muscle was attached to a rigid support
nd the other to a Grass FT03C force displacement transducer via
ilk ligatures and mounted in 10 ml organ baths. Mechanical
ctivity was recorded using PowerLab Chart for Windows (Version
; ADInstruments New South Wales, Australia). An initial load of
g was applied to each soleus muscle, which was allowed to

quilibrate for 60 min. Contractions were elicited by electrical
timulation of the muscle via two platinum wire rings 2.5 mm in
iameter and 1 cm apart through which the soleus muscles were
hreaded.

erve-mediated and muscle-mediated
witch responses

witch contractile responses due to the stimulation of nerves were
chieved by using: 100 V, 0.1 ms duration and one twitch/min. By

xtending the duration of stimulation to 5 ms direct stimulation of
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uscle was achieved. In each case the means of five responses
er soleus muscle were taken and a mean contraction (in g) was
alculated for each muscle (from a total of five animals per group).
uscle-mediated tetanic contractions were measured in both wild-

ype and P2X2
�/� soleus muscles by stimulating with 100 V, 5 ms

uration at 50 Hz, until a maximum contraction was achieved. All
ontractions were compared using a two-tailed unpaired Student’s
-test.

ubocurarine sensitivity

he inhibitory effect of tubocurarine (0.1–3 mM) against nerve-
ediated twitch responses was compared in wild-type and
2X2

�/� soleus muscles. The effect of tubocurarine on muscle-
nduced twitches was calculated as mean % reduction of
orce�S.E.M. (n animals) and a concentration–response curve
onstructed for wild-type and P2X2

�/� soleus muscles. The
urves were compared using a two-way analysis of variance
ANOVA) followed by a Bonferroni’s post hoc test.

ingle channel recording from muscle fiber
nd-plates

he foot muscles (lumbrical and flexor digitorum brevis) were
emoved from at least six animals per group and incubated in
xtracellular solution containing collagenase (Worthington CLS2,
mg ml�1) for 1 h at 37 °C. The muscles were then rinsed

horoughly in enzyme free solution and triturated gently to release
ingle muscle fibers. The fibers were allowed to adhere to the
ottom of 35 mm diameter culture dishes (Falcon), and viewed
sing an inverted microscope with a 40� phase contrast objec-
ive. Single channel recording in the cell attached or inside out
onfiguration was carried out at room temperature (21–23 °C),
sing an Axopatch 1B (Axon Instruments, Union City, CA, USA).
ata were filtered at 5 kHz, digitized at 10 kHz and stored on a
ersonal computer using pClamp v8, for offline analysis using
etchan v6. Electrodes were pulled from thick wall borosilicate
lass and had a resistance of 8–12 M� when filled with bathing
olution containing 1 �M ACh. The bathing solution consisted of
mM): NaCl 154; KCl 4.7; MgCl2 1.2; CaCl2 2.5; HEPES 10 and
lucose 5.6; the pH was adjusted to 7.4 using NaOH. The slope
onductance of the single channels was determined from linear
egression of single channel current amplitude, recorded during
amp changes in membrane potential, versus patch membrane
otential.

RESULTS

2X2
�/� mice were fertile with no signs of gross pathology.

e did not detect any significant differences in body mass
27.8 g�1.7 g, wild-type; 27.6 g�0.5 g, P2X2

�/� mice).
hile differences in the muscle masses of wild-type and
2X2

�/� extensor digitorum longus (10.9�0.7 mg, wild-
ype; 9.68�0.5 mg, P2X2

�/�) and soleus muscles
9.1�0.44 mg, wild-type; 8.2�0.32 mg, P2X2

�/�) were
uggestive of muscle atrophy, values did not reach signif-
cance (P�0.15 for soleus muscle).

2X2 receptor expression in developing
keletal muscle

sing immunohistochemistry we confirmed the expression
f P2X2 receptor protein in developing wild-type skeletal
uscle (Fig. 1a). Immunostaining for the P2X receptor
2

as not observed in embryonic day 14 (E14) skeletal w
uscle, this receptor was strongly expressed in wild-type
ostnatal day 3 (P3), P7 and P15 muscle (Fig. 1a). Immu-
ostaining was localized to the muscle fiber membranes
nd spread along the length of the muscle fibers. There

ig. 1. P2X2 receptor expression in developing P2X2
�/� and wild-type

keletal muscle. (a) Immunostaining of wild-type control E16 lower
imb muscles, P7, P15 and P21 soleus muscle. Expression of the P2X2

eceptor was found on wild-type skeletal muscle at P7 and P15 only.
his expression was localized to muscle fiber membranes with no
eceptor expression in between muscle fibers at any stage. (b) There
as no evidence of P2X2 receptor expression in skeletal muscle at any
tage of development (E16, P7, P15 and P21). Scale bars�50 �m.
c) Double-staining for AChRs (red) and P2X2 receptors (green) in
ild-type soleus muscle at P15. (d) Double-staining for AChRs (red)
nd P2X2 receptors (green) in wild-type soleus muscle at P15. Scale
ars�50 �m. Wild-type, (�/�); P2X2

�/�, (�/�).
as no evidence of specific localization of P2X2 receptor
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xpression at NMJs as shown by double-staining P15
oleus muscle for both the P2X2 receptor and AChRs (Fig.
c). P2X2 receptor expression was not maintained in P21
r in adult wild-type skeletal muscle (Fig. 1a). This pattern
f P2X2 receptor expression is not consistent with specific
eceptor expression at NMJs or in motor nerve bundles
etween muscle fibers. There was no evidence of P2X2

eceptor expression at any age in P2X2
�/� skeletal muscle

Fig. 1b and d).

bnormalities in NMJ structure in P2X2
�/� skeletal

uscle visualized by light microscopy

n wild-type soleus muscle we observed the previously
escribed transformation of endplates from simple oval
laques of AChRs at high density, to perforated plaques,
nd ultimately to continuous pretzel-shaped areas of
ChR expression (Fig. 2a).

There appeared to be no differences in endplate mor-
hology between wild-type and P2X2

�/� skeletal muscle at
7. However, P2X2

�/� endplates examined at later stages
f development (P15 and adult) were less organized than
ge-matched controls. In particular, the smooth outline of
he endplate regions observed in wild-type muscle fibers at
15 (representing the demarcation between high and low
ChR expression) appeared blurred in endplates from
2X2

�/� muscle fibers (Fig. 2a). Abnormalities in NMJ
orphology in P2X2

�/� muscle became more prominent
ith increasing age (P15 and adult). Unlike the endplates

n adult wild-type soleus muscle, which consisted of con-
inuous pretzel-shaped areas of AChR expression, many
ndplates in adult P2X2

�/� soleus muscle were frag-
ented with multiple separate clusters of AChRs (Fig. 2a).
uantitative analysis of endplate structure confirmed this

mpression, demonstrating a significant increase in the
umber of AChR clusters/endplate in P2X2

�/� as com-
ared with wild-type soleus muscle (P�0.00081) (Fig. 2b).
ndplates in P2X2

�/� muscle (54.9�2.0 �m) were also
ignificantly longer than those in age-matched wild-type
49.3�1.6 �m) soleus muscle (P�0.031). Despite these
ifferences in endplate morphology, there was no signifi-
ant difference in the total area of AChR expression per
ndplate in wild-type (527�27 �m2) as compared with
2X2

�/� (561�23 �m2) soleus muscle (Fig. 2c). Similarly
e found no significant difference in the intensity of fluo-

escence (visualized by Texas Red–labeled �-bungaro-
oxin binding) at wild-type (173.2�1.8 units) and P2X2

�/�

176.9�4.4 units) NMJs.
Adult skeletal muscle fibers were also double-stained

ith anti-synaptophysin to visualize nerve terminals and
exas Red–labeled bungarotoxin to visualize post-synap-

ic AChRs. In wild-type soleus muscle NMJs were charac-
erized by apposition of nerve terminal branches and
ChR-rich segments of post-synaptic membrane, visual-

zed as yellow staining (Fig. 2d). However, in some
2X2

�/� NMJs there was misalignment between the
ChR-rich regions of the post-synaptic membrane (red)
nd nerve terminal branches (green) (Fig. 2d). Analysis
f en face images of NMJs demonstrated significantly
ess (P�0.013) alignment of synaptophysin and AChR P
xpression (as visualized by yellow staining) in P2X2
�/�

68.8�3.2% of total AChR expression) as compared
ith wild-type NMJs (81.0�3.1% of total AChR expres-
ion).

bnormalities in the ultrastructure of NMJs
n P2X2

�/� soleus muscle

n wild-type soleus muscles, NMJs (at all ages) were char-
cterized by the presence of nerve terminals capped by
chwann cell processes and post-synaptic muscle special-

zation, including junctional folds, a raised myofilament-
oor sole plate and aggregates of myonuclei (Fig. 3).
lthough junctional folds were also observed in P2X2

�/�

MJs examined at P15, there was a reduction in the
ensity and depth of folds in the P2X2

�/� muscles (Fig.
a). This difference in fold accumulation or maintenance
ersisted and became more prominent in adult muscle
Fig. 3b). There were 5.2�0.2 junctional folds/�m in wild-
ype adult NMJs, but only 3.4�0.2 junctional folds/�m in
2X2

�/� NMJs (Fig. 3c). In areas of infolding of the
ostjunctional membrane, the folds appeared to be shal-

ower than those in wild-type NMJs (Fig. 3a and b). Most
urprising was the apparent variability in post-junctional
ifferentiation within some NMJs. Whereas the majority of
he post-junctional membrane apposing the nerve terminal
n Fig. 3b appears flat (with no junctional folds), a small
ortion is extensively folded.

hannel properties of AChRs expressed in
2X2 receptor positive wild-type and P2X2

�/�

uscle fibers

he properties of the specific AChR subtypes (embryonic,
subunit-containing or adult, � subunit-containing AChRs)
xpressed at the endplate are known to influence NMJ
aturation (Missias et al., 1997). Therefore we investi-
ated the channel properties of the AChRs expressed at
ild-type and P2X2

�/� skeletal muscle. Single channel
roperties of digitorum brevis end-plates in P5 wild-type
uscle fibers had the characteristics of typical embryonic

hannels, with longer openings and a lower conductance
Fig. 4a, Table 1). In contrast, adult wild-type mice re-
ealed AChR channels with typical adult characteristics,

ncluding short opening times and a high conductance (Fig.
a, Table 1). The mean open time and conductance for
hannels from adult digitorum brevis P2X2

�/� endplates
ere similar to those from adult wild-type muscle. The
resence of adult-type AChRs in both wild-type and
2X2

�/� tissue was confirmed by the absence of signifi-
ant immunostaining for the � (embryonic) AChR subunit
Fig. 4b).

uscle fiber atrophy in soleus muscle from
2X2

�/� mice

xamination of P2X2
�/� soleus muscle sections did not

eveal evidence of muscle necrosis (excessive connective
issue) or regeneration (central nuclei) at any age (E14,

4, P7, P14, P21 and adult). This was confirmed by mea-
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ig. 2. Abnormalities in NMJ structure in P2X2
�/� skeletal muscle visualized by confocal microscopy. (a) Representative endplates stained with Texas

ed–labeled �-bungarotoxin for AChRs from P7, P15 and adult wild-type and P2X2
�/� soleus muscles. Whereas at P7 endplates in control and

2X2
�/� skeletal muscle were indistinguishable, by P15 some endplates in P2X2

�/� skeletal muscle appeared ragged. Furthermore, while control adult
ndplates consisted of a single AChR cluster per endplate (white arrowheads), in P2X2

�/� muscle the number of clusters per endplate was significantly
reater. Scale bars�20 �m. (b) Box and whisker diagram to show the number of clusters of AChR expression per adult endplate. (c) Scatter plot to
how the maximum distance between areas of AChR expression within a single adult endplate in wild-type and P2X2

�/� soleus muscle. No significant
ifference in the total area of AChR expression in wild-type and P2X2

�/� was found, suggesting that the total number of AChRs expressed was similar.
d) Representative NMJs from adult wild-type and P2X2

�/� soleus muscles double-stained for the nerve terminal protein, synaptophysin (green) and AChRs
red). Precise apposition of nerve terminals and AChR-rich regions of the post-synaptic membrane (as visualized by yellow staining) was a feature of control
dult NMJs. However, in P2X �/� muscle there were areas of AChR expression on muscle without overlying nerve fibers (red staining only) and nerve
2

erminals that were not apposed by AChR-rich muscle regions (green staining only). Scale bars�20 �m. Wild-type (�/�), P2X2
�/� (�/�).
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ig. 3. Abnormalities in the ultrastructure of NMJs in P2X2 receptor-deficient soleus muscle. (a) Electron micrographs of representative NMJs in wild-type and
2X2

�/� soleus muscles at P15 demonstrating the development of deep postsynaptic folds. Whereas wild-type NMJs developed deep post-synaptic folds,
ost-synaptic folds in P2X2

�/� soleus muscle at P15 were shallow and fewer in number. Scale bar�1 �m. (b) Electron micrographs of representative NMJs in adult
ild-type and P2X2

�/� soleus muscle. At wild-type NMJs the post-synaptic membrane of the muscle fiber (M) underlying the motor nerve terminal (N) was
xtensively folded. NMJs in P2X2

�/� soleus muscle were characterized by reduced folding of the post-synaptic membrane of the muscle (M) underlying nerve
erminals (N). Scale bar�1 �m. (c) Scatter plot to show the density of post-synaptic folds at NMJs in wild-type and P2X �/� adult soleus muscle. Wild-type (�/�),
2

2X2
�/� (�/�).
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uring the incidence of centrally nucleated muscle fibers in
dult (2–2.5 month old) wild-type and P2X2

�/� soleus
uscle. The incidence of central nuclei in both wild-type
nd P2X2

�/� muscle was low (0.40�0.14% in wild-type
oleus muscle; 0.42�0.06% in P2X2

�/� soleus muscle).
owever, muscle fibers in adult P2X2

�/� soleus muscle
ppeared smaller than wild-type soleus muscle fibers (Fig.
a). Measurement of cross-sectional muscle fiber areas in
he mid-belly region of adult wild-type and P2X2

�/� soleus
uscles confirmed this finding. Muscle fiber cross-sec-

ional areas in adult P2X2
�/� (630�16 �m2) were signifi-

antly smaller (P�0.038) than those in wild-type
731�37 �m2) soleus muscle, indicating a reduced rate of
uscle fiber growth in P2X2

�/� soleus muscle. There was
o significant difference in the total number of muscle
bers present in wild-type (859�45) compared with

ig. 4. Properties of AChRs expressed in wild-type and P2X2
�/�

uscle fibers could be detected. (a) Single channel recordings from
dult wild-type, adult P2X2

�/� and P5 mouse digitorum brevis muscle
ndplates in the presence of 1 �M ACh. (b) Embryonic-type � AChR
ubunits were not expressed in wild-type or P2X2

�/� soleus muscle.
epresentative NMJs from adult wild-type and P2X2

�/� digitorum
revis muscle double-stained for AChRs with Texas Red–labeled
-bungarotoxin (red) and a specific antibody against the � subunit of

he AChR (green). The absence of green and yellow staining demon-
trates that the AChRs expressed in both wild-type and P2X2

�/�

igitorum brevis muscle did not contain the � subunit, suggesting the
resence of mature as opposed to embryonic-type AChRs. Scale
ars�25 �m. Wild-type (�/�), P2X2

�/� (�/�).
2X2
�/� (893�36) soleus muscle (Table 2).

D

hanges in response to tetanic stimulation
n P2X2

�/� soleus muscle

e assessed muscle function by comparing nerve-medi-
ted twitch, muscle-mediated twitch and tetanic contrac-
ions in adult wild-type and P2X2

�/� soleus muscles (Fig.
b, Table 2). We found no difference between the forces
eveloped by stimulating the muscle directly or indirectly
y stimulation of the nerve, suggesting the absence of
uscle denervation in either wild-type or P2X2

�/� adult
oleus muscle. We assessed NMJ function further by in-
estigating sensitivity to the AChR-specific antagonist, tu-
ocurarine. While we were unable to demonstrate any
ignificant difference between the IC50 values measured
n P2X2

�/� (IC50�5.76�0.14 �M) and wild-type (IC50�
.89�0.08 �M) soleus muscle, the results did suggest an

ncrease in AChR reserve at P2X2
�/� NMJs (as shown by

he increase in the concentration of tubocurarine required
o inhibit muscle contraction on indirect nerve stimulation)
Fig. 5b).

No statistically significant differences could be de-
ected between the force developed by single twitch con-
ractions (generated by direct muscle stimulation) in wild-
ype and P2X2

�/� soleus muscles (Table 2). However,
omparison of twitch contraction times demonstrated sig-
ificantly (P�0.0001) shorter times to peak contraction in
2X2

�/� (86.69�1.53 ms) as compared with wild-type
97.38�1.57 ms) soleus muscle suggesting the presence
f a higher number of fast type fibers in P2X2

�/� muscle
Fig. 5c). Furthermore, the force developed during tetanic
timulation was significantly (P�0.043) reduced in soleus
uscle from adult P2X2

�/� (6.8�0.8 g, 584�10 g/cm2 of
uscle) as compared with wild-type control (9.7�1.4 g,
115�135 g/cm2 of muscle) soleus muscle (Table 2).

ast (type II) muscle fibers in wild-type and P2X2
�/�

oleus muscle

mmunostaining of wild-type and P2X2
�/� soleus muscle

ith antibodies specific to fast skeletal muscle myosin
emonstrated the presence of fast (green) and slow
black) fibers (Fig. 6a). Consistent with the findings of
ugelberg (1976), both wild-type and P2X2

�/� soleus
uscle consisted predominantly of type II fibers (green) at
7, but showed an increase in the proportion of type I
bers (black) with age (Fig. 6a). However, by P14 the
roportion of type II fibers (determined by immunostaining)
ppeared to be greater in P2X2

�/� soleus muscle com-
ared with age-matched wild-type controls (Fig. 6a). Dem-
nstration of myofibrillar ATPase gave a similar pattern of
xpression with an increase in the expression of fast fibers
black) relative to slow fibers (white) (Fig. 6b). Quantitative

able 1. Channel properties of AChRs expressed in wild-type
P2X2

�/�) and P2X2
�/� muscle fibers

uscle Mean open times (ms) Conductance (pS)

dult P2X2
�/� (n�7) 0.46�0.05 45.6�2.0

dult P2X2
�/� (n�7) 0.63�0.05 40.2�3.0
�/�
ay 5 P2X2 (n�6) 4.80�1.20 36.6�1.6
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nalysis of muscle fiber type in adult muscle demonstrated
he presence of a significantly higher (P�0.016) proportion
f fast muscle fibers in adult P2X2

�/� compared with wild-
ype soleus muscle. Whereas 57.0�2.2% of adult wild-
ype soleus muscle fibers were type II, 71.8�4.0% of
dult P2X2

�/� soleus muscle fibers were fast fibers (Fig.
c). Thus, the developmental transition from fast to slow
uscle fibers failed to fully occur in P2X2

�/� soleus
uscle.

ig. 5. Muscle fiber atrophy and changes in response to tetanic stim
oleus muscle stained with Toluidine Blue. While there was no eviden
uscle, there was evidence of muscle fiber atrophy. Scale bars�100
2X2

�/� (open circles) adult soleus muscle on indirect nerve stimulati
nd P2X2

�/� (gray line) soleus muscle on direct muscle stimulation, d
uscle. Wild-type (�/�), P2X2

�/� (�/�).

able 2. Structural and contractile properties of wild-type (P2X2
�/�) a

Adult P2X2
�/�

otal no. of fibers 859�45 (n�4
iber cross-sectional area (�2) 731�37 (n�4
witch tension (g) 0.82�0.11 (n�

orrected twitch tension (g/cm2) 92.5�11.4 (n�

ime to peak contraction (ms) 97.38�1.57 (n�

etanic tension (g) 9.7�1.4 (n�
2
orrected tetanic tension (g/cm ) 1115�135 (n�4)
DISCUSSION

lthough ATP is well recognized as an important neuro-
ransmitter in the CNS and peripheral nervous system
ediating fast synaptic signaling (see Burnstock, 2007),

he role of purinergic signaling in the formation and main-
enance of synapses has not been fully investigated. In this
tudy P2X2 receptor-deficient mice were used to demon-
trate a role for ATP signaling in the formation of mature

soleus muscle from P2X2
�/� mice. (a) Wild-type and P2X2

�/� adult
cle necrosis or regeneration of muscle fibers in adult P2X2

�/� soleus
Dose inhibition curve for tubocurarine in wild-type (filled circles) and
presentative examples of twitch contractions in wild-type (black line)

ting a significantly shorter time to peak contraction in P2X2
�/� soleus

�/� soleus muscle

Adult P2X2
�/� P-value

893�36 (n�4) NS
630�16 (n�4) P�0.05

0.72�0.05 (n�12) NS
70.4�1.0 (n�4) NS

86.69�1.53 (n�12) P�0.0001
6.8�0.8 (n�12) P�0.05
ulation in
ce of mus

�m. (b)
on. (c) Re
nd P2X2

)
)
10)
4)
10)

10)

584�10 (n�4) P�0.05
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MJs. Our results show that the normal expression of the

ig. 6. Changes in muscle fiber type in P2X2
�/� soleus muscle. (a)

2X2
�/� P7, P15 and adult soleus muscle. Scale bars�50 �m. (b) Sta

dult wild-type and P2X2
�/� soleus muscle to demonstrate the prese

c) Histogram to show the numbers of fast (type II) muscle fibers
istochemistry) expressed as a % of the total number of muscle fibers
s compared with wild-type adult soleus muscle is denoted by (*). Wi
2X2 receptor protein on developing skeletal muscle fibers N

s required for the formation and maintenance of mature

taining for fast type skeletal muscle myosin (green) in wild-type and
Pase enzyme histochemical staining (at pH 9.4) of whole sections of
pe I (white) and type II (black) muscle fibers. Scale bars�500 �m.
wild-type and P2X2

�/� soleus muscle (as determined by enzyme
nificant increase (P�0.05) in the proportion of fast fibers in P2X2

�/�

/�), P2X2
�/� (�/�).
Immunos
ndard AT
nce of ty
in adult
. The sig
MJs and that absence of this receptor results in disorga-
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ized synapses. These defects in NMJ formation may
esult in less reliable neuromuscular transmission, as sug-
ested by the incomplete transition from fast to slow mus-
le fiber type and decreased muscle fiber size.

Consistent with previous studies showing the expres-
ion of P2X2, P2X5 and P2X6 receptors (Ryten et al., 2001,
004), we demonstrated expression of P2X2 receptors on
eveloping wild-type mouse skeletal muscle using immu-
ohistochemistry. This receptor was expressed on muscle
ber membranes in early postnatal skeletal muscle. We
ound no evidence of P2X2 receptor expression in nerve
bers or surrounding Schwann cells, nor has such expres-
ion been reported in mammalian NMJs in the literature to
ate. However, functional P2X receptors have been dem-
nstrated in peri-synaptic Schwann cells in frog NMJs, so
he possibility that these receptors are present on
chwann cells in mammalian NMJs cannot be excluded

Robitaille, 1995). Nonetheless, these findings suggest
hat while the P2X2 receptor was not specifically ex-
ressed at mature muscle endplates, the observed
hanges in NMJ structure and skeletal muscle function in
he P2X2

�/� mouse were most likely to be due to the
bsence of P2X2 receptor-mediated signaling on develop-

ng muscle cells.
The timing of P2X2 receptor expression is consistent

ith the pattern of abnormalities observed in P2X2
�/�

keletal muscle. The P2X2 receptor was not expressed in
mbryonic and adult skeletal muscle, but was present in
arly postnatal development. Therefore absence of this
eceptor would be expected to affect the later stages of
uscle development. In keeping with this view, we found
o change in muscle fiber number in P2X2

�/� soleus
uscle, the total number of muscle fibers formed being
ependent on myotube formation, a process which is com-
leted by birth. Similarly, AChR clustering which rapidly
ollows myotube formation in the embryo (Sanes and Li-
htman, 2001), occurred normally in P2X2

�/� skeletal
uscle. However, abnormalities in NMJ maturation (in-

luding the formation of a complex pretzel-like shape from
simple oval cluster of AChRs and the formation of post-

ynaptic folds), muscle fiber typing and muscle fiber
rowth were all affected in skeletal muscle of P2X2

�/�

ice.
Abnormalities in P2X2

�/� skeletal muscle, including
isorganized NMJs and an increase in fast muscle fibers,
ecame apparent from P15. Staining for AChRs revealed
he ragged appearance of many of the endplates and
lectron microscopy demonstrated reduced numbers and
epth of post-synaptic folds. However, these differences
etween wild-type and P2X2

�/� NMJs became more sig-
ificant in adult tissues.

This might suggest a role for P2X2 receptor-mediated
urinergic signaling in NMJ maintenance. While we did not
etect P2X2 receptor expression in healthy adult skeletal
uscle, this observation could be explained by the need

or re-expression of this receptor on muscle injury (a fre-
uent occurrence in the lifetime of animals). This interpre-
ation of the findings is supported by recent studies dem-

nstrating re-expression of the P2X2 receptor in regener- s
ting skeletal muscle fibers in the mdx (mouse model) of
uscular dystrophy (Ryten et al., 2004).

The most striking abnormalities in P2X2
�/� skeletal

uscle were observed at NMJs. Adult P2X2
�/� NMJs

onsisted of significantly more AChR clusters/endplate
pread over a wider area as compared with wild-type
ontrols. There was mis-apposition between pre-synaptic
erve terminal specialization and post-synaptic muscle dif-
erentiation in P2X2

�/� NMJs. Most significantly there was
marked reduction in post-synaptic folding at P2X2

�/�

uscle endplates. The absence of any physiological data
o suggest partial or complete muscle denervation sug-
ests that the abnormalities in NMJ structure did not pre-
ent neurotransmission. However, the reliability of neuro-
ransmission may have been affected. While effective neu-
otransmission occurs (in embryonic life) without many of
he pre- and post-synaptic specializations associated with
ature NMJs, these specializations are required to ensure

ynapse reliability (Slater, 2003). Therefore the abnormal-
ties in NMJ structure present in adult P2X2

�/� skeletal
uscle might still be expected to result in abnormal func-

ion. Indeed the generalized atrophy of muscle fibers and
ncreased percentage of fast type muscle fibers in adult
2X2

�/� soleus muscle is not only consistent, but sugges-
ive of abnormal neuromuscular transmission. Whereas
dult wild-type and P2X2

�/� soleus muscle contained sim-
lar numbers of fibers, P2X2 receptor-deficient muscle gen-
rated lower forces on tetanic stimulation. This difference
ould be explained by significant fiber atrophy in P2X2

�/�

uscle secondary to reduced activity. Reliable neurotrans-
ission is also important in directing muscle fiber typing

Carrasco and English, 2003). The transition from fast to
low type muscle fibers is induced by increased muscle
ctivation during development (Kugelberg, 1976). There-
ore, the failure of complete fiber type transition (fast to
low) in P2X2

�/� soleus muscle strongly suggests that the
bnormal NMJs of P2X2

�/� mice are unable to effectively
ransmit this increased activity. Thus, the defects in NMJ
tructure observed at EM and by confocal microscopy are

ikely to be of functional significance.
The abnormalities in NMJ structure, muscle fiber type

nd size demonstrated in P2X2
�/� muscle could be ex-

lained by a single role for P2X2 receptor-dependent sig-
aling in the development and maintenance of NMJs.
ther explanations might include the possibility of a more
eneral role for P2X2 receptors in muscle activation, sug-
esting that changes in NMJ structure are secondary.
owever, since the most pronounced changes in muscle
ere observed at the NMJs, we feel that the primary effect
f P2X2 receptor-dependent signaling is likely to be on
MJ morphology. Unlike P2Y1 receptor activation, which

ncreases the expression of AChR protein (Choi et al.,
001; Ling et al., 2004), we were unable to demonstrate a
ignificant change in the total expression of AChRs on
oleus muscle in P2X2

�/� mice. We found no significant
ifference in the total area or density of AChR staining at
ndplates, and although there was a mild reduction in
ubocurarine sensitivity in P2X �/� muscle, we found no
2

ignificant differences in the IC50 values in wild-type and
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2X2
�/� soleus muscle. Nor did we detect any significant

ifferences in the AChR subtypes expressed at wild-type
s compared with P2X2

�/� endplates (using single chan-
el recording or immunohistochemistry). Although these

atter experiments were conducted on the flexor digitorum
revis muscles, where NMJ structure was not investigated,
revious studies suggest that P2X2 receptor expression is
art of the developmental program of all muscle fibers and
hat extrapolating findings to the soleus muscle may be
alid (Ryten et al., 2001, 2004).

Thus, P2X2 receptor-dependent signaling appears to
lay a specific role in directing some features of endplate
orphology. This function is consistent with the well-rec-
gnized importance of innervation in NMJ formation, and
he fact that while the P2X2 receptor may be expressed
cross the muscle membrane, the most significant release
f ATP is likely to be at the motor nerve terminal where this
ransmitter is co-released with ACh. Furthermore, the spe-
ific properties of the P2X2 receptor make it particularly
ell-suited to a role in directing AChR distribution. The
ingular ability of this receptor to interact with nicotinic
ChRs in a density-dependent manner to produce cross-

nhibition of channel opening (Nakazawa, 1994; Searl et
l., 1998; Zhou and Galligan, 1998; Khakh et al., 2000)
uggests a mechanism by which P2X2 receptor activation
ould mediate localized effects on AChR expression. Pre-
ious studies conducted by O’Malley et al. (1997), demon-
trating that ATP can stabilize AChRs on cultured myo-
ubes to increase receptor half-life, support this theory.
ertainly a role for purinergic signaling in ensuring AChR
tability could explain the timing of P2X2 receptor expres-
ion in early postnatal life, the need for re-expression on
uscle regeneration and the variability in NMJ structure

een in the P2X2
�/� mice.

CONCLUSION

n summary, we demonstrate that absence of the P2X2

eceptor on skeletal muscle results in significant abnormal-
ties in muscle structure and function. These effects can be
xplained most simply by proposing a role for the P2X2

eceptor in the normal development of the NMJ. It is be-
oming increasingly clear that the development and main-
enance of synapses is a complex process requiring a
alance between stabilizing and de-stabilizing factors. A
umber of other factors have been shown to influence the

atter steps of NMJ formation, including laminin �4 expres-
ion (Patton et al., 2001) and cholinergic neurotransmis-
ion (Misgeld et al., 2002, 2005; Brandon et al., 2003).
owever, much less is known about the maturation and
aintenance of synapses than about the initial steps in

heir formation (Sanes and Lichtman, 1999). Thus, the
oordinated action of a number of signaling systems, in-
luding the stabilizing effects of P2X2 receptor-mediated
urinergic signaling, is likely to be necessary to ensure
ynapse plasticity not only at the NMJ, but also in the CNS

here the P2X2 receptor is also strongly expressed.
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