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Extracellular ATP inhibits chloride channels in mature
mammalian skeletal muscle by activating P2Y ¢ receptors

Andrew A. Voss

Department of Physiology, David Geffen School of Medicine at UCLA, University of California at Los Angeles, CA 90095-1751, USA

ATP is released from skeletal muscle during exercise, a discovery dating back to 1969.
Surprisingly, few studies have examined the effects of extracellular ATP on mature mammalian
skeletal muscle. This electrophysiological study examined the effects of extracellular ATP
on fully innervated rat levator auris longus using two intracellular microelectrodes. The
effects of ATP were determined by measuring the relative changes of miniature endplate
potentials (mEPPs) and voltage responses to step current pulses in individual muscle fibres.
Exposure to ATP (20 um) prolonged the mEPP falling phase by 31+ 7.5% (values % s.p.,
n =3 fibres). Concurrently, the input resistance increased by 31 % 2.0% and the time course
of the voltage responses increased by 59 &+ 3.0%. Analogous effects were observed using
2 and 5 um ATP, and on regions distal from the neuromuscular junction, indicating that
physiologically relevant levels of ATP enhanced electrical signalling over the entire muscle
fibre. The effects of extracellular ATP were blocked by 200 um anthracene-9-carboxylic
acid, a chloride channel inhibitor, and reduced concentrations of extracellular chloride,
indicating that ATP inhibited chloride channels. A high affinity agonist for P2Y receptors,
2-methylthioadenosine-5’-O-diphosphate (2MeSADP), induced similar effects to ATP with an
ECs of 160 & 30 nm. The effects of 250 nm 2MeSADP were blocked by 500 nm MRS2179, a
specific P2Y, receptor inhibitor, suggesting that ATP acts on P2Y, receptors to inhibit chloride
channels. The inhibition of chloride channels by extracellular ATP has implications for muscle
excitability and fatigue, and the pathophysiology of myotonias.

(Resubmitted 24 July 2009; accepted after revision 28 September 2009; first published online 5 October 2009)
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Abbreviations 9AC, anthracene-9-carboxylic acid; ADPSS, adenosine 5'-O-(2-thio)diphosphate; ATPyS, adenosine
5'-O-(3-thio)triphosphate; CIC-1, muscle chloride channel; G, chloride conductance; mEPP, miniature end-
plate potential; 2MeSADP, 2-methylthioadenosine-5'-O-diphosphate; MRS2179, 2'-deoxy-N°-methyladenosine
3',5'-biphosphate; NMJ, neuromuscular junction; NPS, normal physiological saline; P2X, ionotropic purinergic receptor;
P2Y, metabotropic purinergic receptor; R;,, input resistance; R,,, membrane resistance.
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directly binding to metabotropic P2Y or ionotropic P2X
receptors, as well as indirectly at P1 receptors through its
metabolite, adenosine (Burnstock, 2007).

Previous examinations of the effects of extracellular

Introduction

In 1969, Forrester & Lind demonstrated that the level of
ATP in blood passing through human skeletal muscle

increased during exercise from 300 nM in the arterial
inflow to 10 uM in the venous effluent (Forrester & Lind,
1969). Even in blood flowing through resting muscle,
the level of ATP was shown to increase from 300 nM to
1 um (Forrester & Lind, 1969). Subsequently, it has been
demonstrated that ATP is released from skeletal muscle
fibres and the presynaptic terminal of the neuromuscular
junction (Silinsky, 1975; Smith, 1991; Santos et al. 2003;
Sandona et al. 2005;Burnstock, 2007). Other reports
have demonstrated that ATP affects biological activity by
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ATP on skeletal muscle have used either native tissue
(e.g. amphibian or chicken muscle) or cultured cells
(Redman & Silinsky, 1994; Wells et al. 1995; Henning,
1997). Such studies demonstrate that ATP modulates the
function of the acetylcholine receptor and Kt channels
(Lu & Smith, 1991; Henning, 1997; Henning et al. 1992;
Thomas & Hume, 1993), and acts through P2Y, receptors
in myotubes to regulate the expression of the acetyl-
choline receptor and acetylcholinesterase (Choi et al.
2003). Generally, however, the effects of extracellular ATP
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in skeletal muscle are attributed to adenosine acting on
inhibitory P1 receptors (Henning, 1997). Yet, few reports
have examined the effects of extracellular ATP on mature
mammalian muscle.

The aim of this study was to determine the effects
of extracellular ATP on intact, fully innervated rat
levator auris longus muscle. The effects of ATP were
primarily examined near the neuromuscular junction. It
was found that extracellular ATP prolonged the falling
phase of the miniature endplate potentials (mEPPs).
To determine the mechanism underlying the prolonged
mEPP decay, the muscle membrane properties were
determined by measuring the changes in membrane
potential induced by steady current pulses. Extracellular
ATP increased the input resistance and prolonged the
time course of the steady voltage response. These effects
of ATP resulted from extracellular ATP inhibiting CI~
channels, which in mammalian muscle mediate 85%
of the resting conductance (Palade & Barchi, 1977),
by activating G protein-coupled P2Y; receptors. Physio-
logically, the large resting chloride conductance (G¢)
in muscle influences the resting membrane potential,
excitability and fatigue (Dulhunty, 1978; Cairns et al.
2004; van Emst et al. 2004; Dutka et al. 2008). Strong
evidence indicates that the channel responsible for most
of the G¢ in muscle is CIC-1 (Steinmeyer ef al. 1991a,b).
Pathologically, mutations in CIC-1 underlie the hyper-
excitability seen in Thomsen and Becker myotonias
(Bryant & Morales-Aguilera, 1971; Steinmeyer et al.
1991a). By demonstrating that extracellular ATP inhibits
muscle chloride channels, this study reveals an important
purinergic signalling mechanism with broad implications
for muscle physiology and pathophysiology.

Methods

Ethical approval

All animal procedures were performed in accordance
with the policies of the University of California
Chancellor’s Committee on Animal Research and the
guidelines for animal experimentation published by the
Journal of Physiology (Drummond, 2009). Twenty-three
Sprague-Dawley rats, aged 29-36 postnatal days,
were anaesthetized by halothane inhalation and killed by
cervical dislocation. Whole tissue rat levator auris longus
was dissected and pinned out in a custom-designed Sylgard
recording chamber. The tissue was maintained at room
temperature (21°C) in a gassed (95% O, and 5% CO,)
normal physiological saline solution (NPS) composed of
(in mm) 119 NaCl, 4 KCl, 1 CaCl,, 4 MgSO,, 1 NaH,PO,,
5 glucose, and 25 NaHCOs;. The pH of the gassed NPS
solution was 7.2—7.4. For experiments in low external Cl~,
the tissue was maintained in a reduced CI~ solution made
by replacing the NaCl and KCl in the NPS with equimolar
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amounts of sodium and potassium methanesulfonate and
was composed of (in mm) 119 NaCH;3S0;,4 KCH;SOs, 1.6
CaCly, 4 MgSO,, 1 NaH, POy, 5 glucose, and 25 NaHCOs.
This solution was also gassed in 95% O, and 5% CO,, and
had a pH of 7.2-7.4.

Experiments on frog (Rana pipiens) neuromuscular
junctions were performed using a NPS composed of
(in mMm): 116 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, 10
Hepes, 1 NaHCO; and pH 7.4. Samples of cutaneous
pectoris were kindly prepared by the laboratory of Dr
Alan Grinnell. Frogs were anaesthetized with 0.1% tricaine
methanesulfonate and killed by double pithing.

Electrophysiology

Muscle fibres were impaled with two aluminosilicate
microelectrodes (Harvard Apparatus, Holliston, MA,
USA), a voltage-recording electrode (10-20 M) filled
with 3 M KCl and a current-passing electrode (30-60 M<2)
filled with (in mm) 300 aspartate, 5 MgCl,, 5 glutathione,
5 ATP dipotassium, 5 phosphocreatine disodium, 20 Mops
and pH 7.2. To measure miniature endplate potentials
(mEPPs) and determine the membrane characteristics,
the electrodes were positioned 20-50 um apart, with
either electrode 20-100 wm from the presynaptic terminal.
Neuromuscular junctions were identified with the aid
of the membrane and synaptosomal fluorescent dye
FM 1-43 (Invitrogen, Carlsbad, CA, USA) at 1 um with
an upright Olympus (Melville, NY, USA) BX50WI micro-
scope. Epifluorescence was measured with a HQ470/40 X
excitation filter, 500 nm dichroic mirror and HQ525/50 M
emission filter. To determine the membrane characteristics
in non-junctional regions, the electrodes were positioned
20-40 um apart, approximately 5mm from the
presynaptic terminal.

The initial impaling of the electrodes caused a
slight depolarization for each electrode, as observed
by measuring the change in membrane potential upon
impaling the second electrode. The resting membrane
potential was adjusted to —80 to —95 mV with a current
of —5 to —20nA applied through the current-passing
electrode. This current was held constant throughout
the rest of the recording, except during the application
of step current pulses. The recording was stopped if
the resting membrane potential changed by +10mV.
Recordings were made using an Axoclamp-2A amplifier
(Molecular Devices, Sunnyvale, CA, USA), a BNC-2090
data acquisition board (National Instruments, Austin,
TX, USA) and custom software (EVAN 1.2) written for
LabView (courtesy of Dr Istvan Mody at UCLA). Data
were low-pass filtered at 1 kHz with an 8-pole Bessel filter
(Frequency Devices, Model 902, Ottawa, IL, USA) and
acquired at 12.5 kHz.
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ATP inhibits chloride channels in mammalian skeletal muscle via P2Y;

Table 1. Summary of NMJ enhancement by ATP and related analogues

Maximum mean increase from NPS of:

No. of mEPP Input Voltage response
Agonist fibres decay 7 (%) resistance (%) decay, 72 (%)
20 um ATP 3 31+8 31+2 59+3
20 um ATPyS 3 42+ 8 43+ 8 78 +4
20 um ADPBS 3 15+6 20+ 8 42 +13
10 um 2MeSADP 3 36+8 35+ 1 73+8

Data from individual muscle fibres were collected as described for Figs 1 and 2 by measuring
the effects of agonist exposure on mEPPz values, input resistance and the falling phase
of the steady voltage response. These measurements were normalized by determining
the percentage change from pre-exposure NPS levels. The values in Table 1 are the mean
percentage changes + standard deviation induced by agonist exposure in three muscle
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fibres.

Data acquisition and analysis

The responses over time were recorded continuously from
individual fibres. Agonists and inhibitors were dissolved
in the NPS or reduced Cl~ solutions and applied to the
tissue using constant perfusion. The recording chamber
was 1ml and perfusion occurred at 10 mlmin~'. A
solution change was considered complete after 1.5 min
of perfusion. Except for measurements made in the
presence of ATP and adenosine, the adenosine receptor
antagonist, 8-cyclopentyl-1,3-dipropylxanthine (100 nm),
was added to minimize the characteristic inhibitory effects
of adenosine (Burnstock, 2007).

Throughout the recordings, mEPPs from 1-1.5 min
periods, in different conditions, were detected and
individually analysed for the frequency, amplitude,
rise time and exponential decay using Mini Analysis
(Synaptosoft, Fort Lee, NJ, USA). The average mEPP
exponential decay values (mEPPt+s.EM.) from the
1-1.5 min periods were plotted as a function of the full
recording time (mEPPs that were not fitted with an r?
of at least 0.95 were excluded from analysis). Significant
differences in the full time course of mEPP values were
determined using one-way ANOVA with a significance
level 0of 0.05 (using Microsoft Office Excel, Redmond, WA,
USA). A conservative post hoc Scheffé test was used to
determine which mEPPz values significantly differed from
levels in NPS (significance level of 0.05).

The membrane properties of the fibre were determined
by measuring the changes in membrane potential induced
by step current pulses applied through the current-passing
electrode. The resulting steady voltage changes were
analysed using SigmaPlot (Systat Software, San Jose, CA,
USA). Passive cable properties were measured by using
100 nM tetrodotoxin and small current pulses (—5 to
+15nA). The average steady voltage change was plotted as
a function of the applied current and a linear curve fit was
used to determine the input resistance (= standard error
of curve fit) of the fibre. To determine the membrane time
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constants, the falling phase of the step voltage response
was fitted with eqn (1):

Y=o +A1e_# -f—Aze_é +A367% (1)

Thus, from an individual muscle fibre, the effects of
different conditions on mEPPs acquired during 1-1.5 min
periods were measured concurrently with estimates of the
fibre input resistance (R;,) and membrane time constants.
mEPPs that occurred during a step voltage response were
excluded from the analysis.

Since the baseline mEPP and membrane properties
depend on the fibre diameter, the percentage changes of
these properties in an individual fibre were determined
and used to compare the responses in different fibres.
The average percentage changes from multiple fibres
are presented as mean=+s.D. (Table1). Determining
the percentage changes also allows comparisons of the
magnitude of the effects in an individual fibre.

For instance, the R;, and membrane time constant
are related to the membrane resistance (R,) using
one-dimensional cable theory as follows (Jack et al.
1983):

Definitions:

Ry, = input resistance (steady voltage response/applied
current)
rm = membrane resistance per unit length of fibre
r; = intracellular resistance per unit length of fibre
¢m = membrane capacitance per unit length of fibre
T, = membrane time constant
a = radius of fibre

Equations:
Rin = 0.54/1’m1’i (2)

R, = rn(2ma) (3)

Tm = "mCm (4)
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Then, from eqns (2) and (3), if r; is constant:

Rin & /Tm ¢ /Ry (5)
and, from eqns (4) and (3), if ¢, is constant:
Tm X Tm X Rp, (6)

where o is the proportionality symbol.

The ECsy (& standard error of fit) for the effects
of 2-methylthioadenosine-5"- O-diphosphate (2MeSADP)
on the mEPP decay, Ry, and t, were determined as
follows:

y _ [2MeSADP]
Ymax  ECso + [2MeSADP]’

(7)

where y = values of mEPP decay, Ry, or 7,.

Materials

Adenosine was purchased from Research Biochemical
International (Natick, MA, USA); 2MeSADP from
BioLog Life Science Institute (Bremen, Germany);
and  2'-deoxy-N®-methyladenosine 3',5'-biphosphate
(MRS2179) and  8-cyclopentyl-1,3-dipropylxanthine
(DPCPX) were from Tocris Bioscience (Ellisville,
MO, USA). All other chemicals were purchased from
Sigma-Aldrich (St Louis, MO, USA) or Fisher Scientific
(Pittsburgh, PA, USA).

Results
ATP effect on synaptic transmission

The effects of extracellular ATP on miniature endplate
potentials (mEPPs) were determined on individual muscle
fibres near the neuromuscular junction (NMJ). Figure 1A
illustrates three representative mEPPs recorded in normal
physiological saline (NPS) before the addition of ATP.
The average time constant of decay of individual mEPPs
(mEPP7) recorded over a 1 min period was 2.8 £ 0.1 ms
(mean =+ s.E.M., n=39) in NPS (Fig. 1 B). Bath application
of 20 um ATP prolonged the falling phase of the mEPPs.
Analysis of the decay phase indicated that the average
mEPP7 was 3.9+ 0.1 ms (n=44) in response to ATP
(Fig. 1B). After ATP washout, the mEPPt reversed to
3.0 £ 0.1 ms (n=70). Figure 2A illustrates the time course
of the effects of 20 uM ATP on mEPPz values. The gradual
nature of the ATP reversal, occurring over 10—15 min,
and the delay in reaching a maximum effect suggest a
metabotropic effect.

The effects of ATP were also determined for the rising
phase and frequency of the mEPPs. The average 10-90%
rise time of the mEPPs was 0.6 = 0.1 ms (n=39) in NPS
and 0.6 £ 0.1 ms (n=44) in response to 20 um ATP. The
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frequency was 1.10 Hz in NPS and 1.05Hz during the
maximum ATP effect. Thus, in contrast to the decay,
there was no corresponding change in the rising phase or
frequency of the mEPPs. Figure 1B suggests an increase in
mEPP amplitude, whichin NPSwas 1.0 & 0.1 mV (n = 39)
and during the maximum ATP effect on mEPPt was
1.1 £0.1 mV (n=44). However, this change is uncertain
because the brief, spatiallylocalized nature ofa mEPP often
results in a non-uniform depolarization of the muscle fibre
(Jack & Redman, 1971; Jack et al. 1983).

ATP effects on muscle membrane properties

To understand better the mechanism by which ATP
induced the prolonged mEPPs, the resting membrane
properties were measured by applying step current
pulses from an intracellular microelectrode positioned
20-50 pum from the voltage-recording electrode. The
resulting changes in membrane potential, as illustrated
in Fig. 1A for the responses to +10 nA pulses, were less
affected by non-uniform depolarization than mEPPs (Jack
etal. 1983).

With the onset of the step current pulse, the membrane
potential was driven to a new steady-state value, and with
termination of the current pulse, returned to the original
value. The voltage responses to a series of —4 to +10nA
current pulses in NPS are presented in Fig. 1C. These
responses were recorded during the same period as the
mEPPs used for the NPS condition in Fig. 1B. The input
resistance (Ri,), which is the ratio of the voltage change
to the applied current (AV/AI), was 0.70 £ 0.01 M2 in
NPS (Fig. 1). In response to 20 uM ATP the R;, increased
t00.92 + 0.01 M2 (Fig. 1D and E). After washout, the R;,
reversed to 0.78 & 0.01 M2, which is illustrated in the full
time course of the effects of 20 uM ATP on the fibre R;,
(Fig. 2B). Since the specific membrane conductance (G,)
equals the reciprocal of the membrane resistance (R,,), it
follows that G, is proportional to 1/R? (G, = 1/R,, &
1/R?%, eqn (5)). Based on this, 20 um ATP induced a
relative decrease in G, of approximately 42%.

The effects of ATP were also determined for the
falling phase of the voltage response that resulted from
termination of the step current pulse. Figure 1F illustrates
the decay of the voltage response elicited by 410 nA pulses
in NPS. The decay was well fitted by a triple exponential
(eqn (1) in Methods), yielding fast (t; =0.3-0.6 ms),
medium (7, =2.8-4.6 ms) and slow decay constants
(13 =43-93 ms) with fractional amplitudes of A; (0.3),
A, (0.5-0.6) and A; (0.1), respectively. ATP strongly
influenced 7,, the largest fraction of the decay, increasing
it from 2.8 £ 0.1 ms in NPS to 4.6 £ 0.1 ms in response
to 20 um ATP (Fig. 2C). The fast 7, because of its rapid
nature and smaller fractional amplitude, was a less reliable
indicator of ATP effects than 7,. The slow t;, previously
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characterized in muscle (Barry & Dulhunty, 1984), was
also a less reliable indicator because of its small fractional
amplitude. After washout of ATP, Ry, and t, reversed with
the same time course as mEPP (Fig. 2A-C).

Figure 2D shows the effects of 20 um ATP on mEPPrt,
Ri, and 7, expressed as percentage change to allow
comparison of data from different muscle fibres. The
maximum responses of other agonists that induced a
similar effect to ATP at the NMJ are presented in
Table 1. These agonists included the slowly hydrolysable

ATP analogue adenosine 5'-O-(3-thio)triphosphate
(ATPyS), the slowly hydrolysable ADP analogue
adenosine 5'-O-(2-thio)diphosphate (ADPSS), and

2-methylthioadenosine-5'- O-diphosphate (2MeSADP).
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Effects of ATP at lower concentrations

The effects of lower concentrations of ATP were also
tested (Fig. 3A—C). Each concentration of ATP was applied
after establishing a stable baseline in NPS. ATP (2 uM)
prolonged the mEPP decay by 11% (Fig. 3A), R;, by 14%
(Fig.3B) and t, by 25% (Fig.3C); similar results were
observed using 5 um ATP (Fig. 3).

ATP inhibits chloride channels

A likely explanation for the increase in mEPPz, R;,
and 7, values elicited by extracellular ATP is a higher
membrane resistance (R,) resulting from ATP inhibiting
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Figure 1. Effect of extracellular ATP on mEPPs and membrane properties

A, representative recording illustrating spontaneous mEPPs and voltage responses to 10 nA, 200 ms square pulses.
The top panel illustrates the current applied through the current-passing electrode. B, average of 39 mEPPs in NPS
(continuous line) and 44 mEPPs during the maximum response induced by 20 um ATP (dashed line). C and D, the
changes in membrane potential elicited by 2 Hz square current pulses of 10, 8, 6, 4, 2, —2 and —4 nA (each trace
is the average of 7-12 responses) in NPS (C) and during the maximum response induced by 20 um ATP (D). E,
change in membrane potential (averaged from 150-230 ms in C and D) plotted as a function of current before
ATP (continuous line) and during the maximum response induced by 20 uM ATP (dashed line). F, normalized decay
of the average membrane potential changes induced by 10 nA pulses before application of ATP (continuous line)
and during the maximum response induced by 20 um ATP (dashed line). Each curve was fitted with an exponential
decay (circles) using egn (1) in Methods. Circles were used to identify the curve-fitted decay because of the tight
overlap with the measured voltage decay. The data in this figure are all from the same muscle fibre.
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Cl~ and/or K* channels. To determine if ATP inhibits
Cl™ channels, the effects of the Cl~ channel blocker
anthracene-9-carboxylic acid (9AC) were examined in the
absence and presence of extracellular ATP (Fig. 4A-C).
Figure 4A illustrates the time course of the effects
of 200 um 9AC on the average mEPP7 values. This
concentration of 9AC produces near maximal inhibition
of muscle CI™ currents (Bryant & Morales-Aguilera,
1971; Bretag, 1987; Fahlke & Riidel, 1995). Over a 1 min
period in NPS, the average mEPP7 value was 3.4 £ 0.1 ms
(n=106), but after a 10 min exposure to 200 um 9AC, it
was 5.7 £ 0.1 ms (n=117), an increase of 68% (Fig. 4A).
Subsequent application of 20 uM ATP in the presence of
9AC did not significantly change the mEPP7 (5.5 £ 0.1 ms,
n = 140) from the previous level in 9AC alone (Scheffé test:
P > 0.05), suggesting that 9AC blocked the effect of ATP
(Fig. 4A). Changes in mEPPt, however, are not necessarily
accurate indicators of changes in Ry,. This is because, as
stated above, the electrotonic spread associated with a
mEPP often results in a non-uniform depolarization (Jack
& Redman, 1971; Jack et al. 1983). Thus, mEPPs measured
at distances less than the space constant decay faster than
the time constant of the membrane (Fatt & Katz, 1951;
Jack & Redman, 1971). Furthermore, the duration of the
current that induces a mEPP influences its falling phase,
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with the rate of decay becoming faster as the current
duration decreases (Jack & Redman, 1971; Jack etal. 1983).

Because voltage responses to step current pulses are
more uniform, the effects of 9AC and ATP on the time
courses of R;, and t, from the same fibre were examined
(Fig. 4B and C). In the presence of 200 uMm 9AC, the Ry,
increased from 0.56 £ 0.01 M2 to 1.15 4 0.05 M. This
change in Ry, is equivalent to a relative decrease in G, of
76%, consistent with the 86% change in G, observed by
Bryant & Morales-Aguilera (1971) using 9AC (based on
measurements of R,,). Subsequent application of 20 um
ATP produced no further increasein Ry, (1.12 + 0.03 M)
(Fig. 4B). For the falling phase of the step voltage response,
200 uM 9AC induced an increase in 7, from 2.6 & 0.1 ms
to 8.1 £ 0.1 ms (Fig. 4C). In the presence of 20 um ATP
and 200 uM 9AC, the 7, was 8.4 0.1 ms (Fig. 4C).

Analogous experiments were performed on three
separate muscle fibres from two additional rats with
200-500 uM 9AC and 20 uM ATPyS, the slowly hydro-
lysable analogue of ATP. In all three experiments, 9AC
increased mEPPt, Ry, and t1,, and blocked additional
increases by ATPyS (representative time courses are pre-
sented in Supplemental Fig. 2, available online only).

The effects of 20 um ATP were also examined in
a reduced Cl™ solution, made by substituting NaCl

B
5 10 — 20uM ATP
2
ER:
£5 08
.
]
o
06 4 . ' .
0 10 20 30
Time (min)

Time (min)

Figure 2. Time course of NMJ changes induced by 20 um ATP

A, the exponential decay (tr =+ s.e.m.) of mEPPs before, during and after exposure to 20 um ATP. Each value is the
average of individually analysed mEPPs from a 1 min period recorded from the same muscle fibre. ANOVA indicated
asignificant difference in the mean mEPPz values (P < 0.05, F = 15.4, Fqit = 1.96). The number of mEPPs analysed
for each time point ranged from 17 to 70 and averaged 42. A post hoc Scheffé analysis was performed and *
indicates a significant difference from before exposure to 20 um ATP (P < 0.05). Similarly: B, measurements of
input resistance (Rj, =+ standard error of curve fit) and C, the medium exponential decay (r, + standard error of
curve fit) of averaged responses to 10 nA injections (full curve-fitting results are presented in Supplemental Table 1,
available online only). D, overlay of the percentage change in mEPPz (®), Rin ((J) and 7 (A) from panels A, B and
C. For presentation purposes, lines were used to connect mEPPt data, but not those of Ri,, which followed a

similar time course.
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and KCl with equimolar amounts of sodium and
potassium methanesulfonate (Methods). This lowered the
concentration of CI~ from 125 mM in NPS to 3.2 mM in
the reduced Cl™ solution. In the reduced Cl~ solution,
there was not a significant difference in the time course
of the mEPPt values (P > 0.05, F=1.16, F.; =2.23).
This time course included mEPPt values in the reduced
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Figure 3. Low concentrations of extracellular ATP

A, the average exponential decay (r + s.e.M.) of mEPPs in NPS and
during the maximal responses to 2 and 5 M ATP. These responses
were obtained from the same fibre. ANOVA indicated a significant
difference in the mEPPz values from the full time course (P < 0.05,

F =7.65, Fqit = 1.76). A post hoc Scheffé analysis indicated a
significant difference between the mEPPz value in NPS (n = 55) and in
response to 2 um ATP (n = 41), as indicated by * (P < 0.05). Similarly,
there was a significant difference between the mEPPz value in NPS

(n =58) and in response to 5 um ATP (n = 52) (P < 0.05). B,
measurements of input resistance (Ri, & standard error of curve fit) in
NPS and during the maximal responses to 2 and 5 um ATP. C, the
medium exponential decay (t + standard error of curve fit) of
averaged responses to 10 nA injections in NPS and during the maximal
responses to 2 and 5 um ATP.
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Cl~ solution (5.4 0.1 ms, n=92), in response to 20 uM
ATP (5.4 +0.1 ms, n=93) and during washout of ATP
(5.2+0.1ms, n=284) (data not shown). Throughout
the time course, the R;, ranged from 2.38 +0.02 MQ2
to 2.48 £ 0.05 MQ2 and the 7, ranged from 7.0 £ 0.1 ms
to 8.0 0.1 ms (data not shown). For R;, and t,, the
highest values occurred in the reduced Cl~ solution before
exposure to 20 uM ATP.

The ability of 9AC to induce increases in mEPP<, R;;, and
7, similar to those elicited by ATP and prevent additional
increases by ATP, combined with the ability of a reduced
Cl~ solution to block the effects of ATP, strongly suggest
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Figure 4. ATP inhibits chloride channels

A, the exponential decay (r + s.t.m.) of mEPPs from an individual fibre
before and during exposure to 200 um 9AC (CI~ channel blocker) and
200 um 9AC + 20 um ATP. ANOVA of these values indicates a
significant difference (P < 0.05, F = 92.2, Fqit = 1.84). The number of
mMEPPs analysed for each time point ranged from 25 to 140 and
averaged 91. A post hoc Scheffé analysis was performed and *
indicates a significant difference from before exposure to 200 um 9AC
(P < 0.05). Similarly: B, measurements of the input resistance

(Rin & standard error of curve fit) and C, the medium exponential
decay (r, + standard error of curve fit) of averaged responses to 8 nA
injections. Traces of the average mEPPs and step voltage responses in
NPS, 9AC and 9AC + 20 uM ATP are presented in Supplemental

Fig. 1A-D, available online only.
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that extracellular ATP inhibits CI~ channels in resting
skeletal muscle. It is noteworthy that 9AC induced a
small, 3—4 mV hyperpolarization of the resting membrane
potential, which was not observed in response to ATP.
This may indicate that ATP also regulates K™ channels
(Henning, 1997) or activates P2X, receptors that were
recently identified in the transverse tubular system by
confocal immunofluorescence (Sandona et al. 2005).
Changing the resting conductance of Cl~ or KT
may also alter the ionic and osmotic homeostasis of
muscle and thus affect the fibre diameter and cytosolic
resistance. To assess this, fibre diameters were measured
optically. A fibre used to measure responses to 20 uM
ATP was 32 um in diameter before, during and 7 min
after exposure to 20 uM ATP. Furthermore, three adjacent
fibres averaged 28 um in diameter before, during and
7 min after exposure to 20 uM ATP. This is consistent
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Figure 5. Non-junctional responses to ATP

A, measurements of Rin (£ standard error of curve fit) before, during
and after exposure to 20 um ATP. B, similarly, the medium exponential
decay (r, + standard error of curve fit) of averaged responses to

10 nA injections. C, overlay of the percentage change in Ri, (®), and
72 (A) from panels A and B.
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with previous work that showed exposure to 100 um 9AC
decreased the membrane conductance without changing
the fibre diameter (Bryant & Morales-Aguilera, 1971). A
stable fibre diameter suggests the cytosolic resistance was
constant during the responses to ATP and that an increase
in the R, alone may account for the increased mEPPt,
Ri, and 7,. Assuming a constant cytosolic resistance, the
percentage increase of 7, is greater than R;, because the
decay is proportional to R, (eqn (6), Methods), whereas
Ry, is proportional to the /Ry, (eqn (5), Methods).

Localization of the ATP effects

To examine the localization of the effect of extracellular
ATP on CI™ channels, responses to step current pulses
were measured in non-junctional regions, approximately
5mm from the endplate (Fig. 5A—C). At these distances,
the diffusion of cytosolic signalling molecules from the
NM] would take hours. In response to 20 um ATP,
the non-junctional R;, increased from 1.63 4 0.01 M2
to 2.29 £0.08 M2 (Fig.5A) and the 7, of the voltage
response falling phase increased from 3.3 +0.1ms to
6.2+ 0.1 ms (Fig. 5B). The normalized increases in the
non-junctional Ry, and 7, for this fibre were 40% and
88%, respectively (Fig. 5C). These data suggest that ATP
responses were induced in non-junctional muscle and at
the NMJ over the same time course.

ATP receptor identification and maximum effect

The effects of extracellular ATP, particularly at the NMJ,
are often attributed to adenosine-activating P1 receptors
(Henning, 1997). This was tested by measuring the
response to adenosine. Before, during, and after exposure
to 50 uMm adenosine, the mEPPt values ranged from
3.0+ 0.1 ms (n=27) to 3.3 4+0.01 ms (n=40) and there
was not a significant difference in the full time course
(P> 0.05, F=1.07, Fy =2.45) (data not shown). R,
values ranged from 0.58 £0.01 to 0.63 +0.01 M2 and
the 7, ranged from 2.6 +0.1 to 3.0 £ 0.1 ms (data not
shown). The highest values of mEPP<, R;, and t, occurred
in NPS before exposure to 50 uM adenosine. Exposure to
50 and 100 uM adenosine was repeated in two additional
fibres from two additional rats and in both experiments,
no effects on mEPP7t, R;, or 7, were observed (data not
shown).

The pharmacological profile of agonists in Table 1
suggests that the G protein-coupled P2Y, P2Y,, or P2Y;;
receptors (Abbracchio et al. 2006) mediated the increases
inmEPPt, R;, and 7,. Since 2MeSADP is known to activate
P2Y receptors with high affinity (Abbracchio et al. 2006), a
more definitive identification of the P2Y,, P2Y;, or P2Y;
receptors requires demonstration that low concentrations
of 2MeSADP induce the increases in mEPP7, R;, and 7,.

© 2009 The Author. Journal compilation © 2009 The Physiological Society



J Physiol 587.23

Thus, dose-response relationships were determined
by exposing an individual fibre to concentrations of
2MeSADP from 100 nMm to 1 uM and measuring mEPP7,
R, and 1, (Fig. 6A-F). Exposure to each concentration
was followed by at least 16 min of perfusion in NPS
prior to the application of subsequent concentrations.
Figure 6A illustrates the maximum effects of 100 nM to
1 uM 2MeSADP on average mEPPt values, compared to
pre-exposure NPS levels. Changes induced by 100, 250
and 500 nM, and 1 uMm 2MeSADP were 11, 20, 25 and
26%, respectively (Fig. 6B). The mEPPt values increased
in response to 2MeSADP with an ECsy of 160 &+ 30 nm
(Fig. 6B and eqn (7) in Methods). Concurrently, in the
same fibre, 100, 250 and 500 nM, and 1 uM 2MeSADP
induced increases in Ry, by 9, 22, 32 and 36%, respectively
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Figure 6. Dose-response of 2MeSADP
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(Fig. 6C and D). The increase of R;, induced by 2MeSADP
occurred with an ECs, of 340 = 90 num (Fig. 6D). Similarly,
the 7, of the voltage response decay increased in response
to 100, 250 and 500 nM, and 1 um 2MeSADP by 22, 31,
63 and 66%, respectively, and occurred with an ECs, of
370 £ 180 nm (Fig. 6E and F). The high affinity of the
effect of 2MeSADP on mEPPz, R;, and 7, supports the
identification of P2Y;, P2Y}, or P2Y;; receptors.
Inaseparate fibre, the specific P2Y; inhibitor, MRS2179,
was used to discriminate between P2Y,, P2Y;, or P2Y;
receptors by examining the ability of MRS2179 to block
the effects of 2MeSADP (Czajkowski et al. 2004; Fumagalli
et al. 2004). Figure 7A illustrates the time courses of
the changes in mEPPz, R;, and 7,. The average mEPPt
value from a 1min period in NPS was 3.4+£0.1ms
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A, C and E illustrate the maximum effects of 2MeSADP (100 nm to 1 um) on mEPPz, Riy and t, respectively. The
effect for each concentration is plotted next to the pre-exposure NPS levels. All the responses were obtained from
the same fibre. The percentage changes of the responses in A, C and E are plotted in B, D and F, respectively.
The percentage changes were fitted with egn (7) in the Methods to determine the ECsp values (+ standard error
of curve fit). For the mEPPs, ANOVA of the full time course indicated a significant difference (P < 0.05, F = 18.1,
Ferit = 1.55). The number of mEPPs analysed for each time point ranged from 29 to 81 and averaged 53. * in A
indicates a significant difference from pre-exposure NPS levels (Scheffé test: P < 0.05).
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(n=46) and in the presence of 500 nm MRS2179 alone
was 3.5+ 0.1 ms (n=26). Addition of 250 nM 2MeSADP
in the presence of 500 nM MRS2179 produced no change
in mEPPt (3.4 + 0.1 ms, n = 35). However, after washing
out the MRS2179 and 2MeSADP for 10 min in NPS, the
addition of 250 nM 2MeSADP alone induced a significant
increase in mEPPt to 4.0 £ 0.1 ms (n=37) (P <0.05).
Similar time courses were observed for R;, and 7, (Fig. 7A).
In NPS, MRS2179 alone and MRS2179 + 2MeSADP, the
R;, and 71, ranged from 0.67 +0.01 to 0.70 & 0.1 M2,
and 3.2£0.1 to 3.5+ 0.1 ms, respectively. In response
to 250nM 2MeSADP alone, R;, and 7, increased
to 0.76 £0.01 M2 and 4.3 +0.1 ms, respectively. The
percentage increases of mEPPz, Ry, and 7, in response to
250 nM 2MeSADP alone were of magnitudes expected for a
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Figure 7. P2Y receptor identification and maximum effect

A, overlay of the percentage change in mEPPz (®), Rin (CJ) and 7, (A)
before, during and after exposure to 500 nm MRS2179 in the absence
and presence of 250 nm 2MeSADP, with subsequent activation by

250 nM 2MeSADP alone. The initial values of mEPPt, Rin and 75 in NPS
were 3.4+ 0.1 ms, 0.67 £0.01 MQ and 3.4 &+ 0.1 ms, respectively. B,
overlay of the percentage change in mEPPz (®), Ri, ((J) and 7, (A)
before, during and after normal exposure (2.5 min total perfusion
time) and long exposure (10 min total perfusion time) of 20 um
ATPyS. The initial values of mEPPz, R, and t; in NPS were

3.6+ 0.1ms, 0.76 + 0.01 MQ and 3.7 & 0.1 ms, respectively. ANOVA
on the non-normalized mEPPt values used for A indicated a significant
difference (P < 0.05, F = 6.3, Fgit = 1.77), the number of mEPPs
analysed for each time point ranged from 26 to 58 and averaged 50.
There was also a significant difference in the mEPPz values used for B
(P <0.05, F=22.3, Fgit = 1.58), the number of mEPPs analysed for
each time point ranged from 25 to 93 and averaged 48. For
presentation purposes, lines were not used to connect R, (CJ) values in
A and B.
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concentration near the ECs (Fig. 7A). These experiments
suggest that P2Y, is the ATP receptor mediating the
increases in mEPP7, Ry, and 7,.

To assess the magnitude of the effects mediated by
P2Y, receptors, a fibre was exposed to 20 um ATPyS for
2.5 min (duration normally used throughout this study)
and 10 min (Fig. 7B). The average mEPPt in NPS was
3.6 £0.1 ms (n=42), which in response to the 2.5 min
exposure significantly increased to 5.4 = 0.2 ms (n=48)
(P < 0.05). After a 24 min washout, the mEPP7t reversed
to 3.9+ 0.2ms (n=28). A subsequent 10 min exposure
to ATPyS induced a significant increase to 6.2 + 0.2 ms
(n=1>52), which reversed to 4.6 +£0.2ms (n=50) after
48 min of perfusion in NPS. Similar time courses were
observed for R, and t, (Fig. 7B). The initial values of R;,
and 1, in NPS were 0.76 & 0.01 MQ and 3.7 & 0.1 ms,
respectively. In response to the 10min exposure of
ATPyS, the Ry, and 1, increased to 1.27 + 0.02 M2 and
8.2 £ 0.1 ms, respectively. The maximum increases in
mEPP7, R, and 7, induced by the 10 min exposure relative
to pre-exposure levels were 59, 61 and 116%, respectively.
For the change in conductance, the maximum response to
the 10 min exposure corresponds to a relative decrease
of 64%. That the responses did not fully reverse after
removal of ATPyS from the 10 min exposure suggests
long-term potentiation. Exposures of ATP longer than
10 min may inhibit presynaptic vesicle release, as suggested
inarecent study using mouse diaphragm (De Lorenzo et al.
2006). Comparing the percentage increases induced by a
10 min exposure to 20 uM ATPyS (Fig. 7B) and by 200 uM
9AC (Fig. 4) suggests that extracellular ATP inhibits a
significant fraction of the resting G in mammalian
skeletal muscle. This would include transverse tubular Gy,
which constitutes the majority of the resting G¢; (Palade
& Barchi, 1977).

Mammalian, but not amphibian, skeletal muscle
fibres possess a large t-tubular Gg (Dulhunty, 1979).
Moreover, considerably higher doses and longer exposures
to 9AC are required to induce myotonic behaviour
in frogs compared to mammals (Bretag et al. 1980),
suggesting that frogs have a reduced sensitivity to
9AC. These data raise the possibility that the effects
of extracellular ATP on mammalian skeletal muscle
might be less pronounced or even absent at the frog
NM]J. To test this hypothesis, the response of the frog
NMJ to 50 um ATP was evaluated. Before, during,
and after exposure to 50 uM ATP, the mEPPt values
were 6.8 0.1 ms (n=137), 6.8 £0.1 ms (n=154) and
6.4+ 0.1 ms (n=103), respectively, and there was not
a significant difference in the time course (P > 0.05,
F=0.84, F.i=2.22) (data not shown). Additionally,
no apparent increases in R;, and 7, were observed (Rj,:
control, 1.86 & 0.01 M2; ATP, 1.72 4 0.01 M2; washout,
1.66 =2 0.02M€; and 7t,: control, 7.7+0.2ms; ATP,
8.2 + 0.1 ms; washout, 8.2+ 0.2 ms) (data not shown).
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Similar results were observed in two additional fibres, from
one additional frog (data not shown).

Discussion

This study demonstrates that extracellular ATP
directly enhances electrical signalling in mature, intact
mammalian muscle by activating P2Y, receptors and
hence, inhibiting ClI~ channels. The first observed effect
of extracellular ATP was the prolongation of mEPPs.
Because of the inherent variability of mEPPs measured
at distances less than the space constant, step current
pulses were applied to determine the mechanism under-
lying the prolonged mEPPs. The physiological significance
of the prolonged mEPPs is unclear, as nerve stimulation
in muscle is normally highly effective in generating action
potentials. The P2Y,/Cl~ channel pathway was activated
by 2 and 5 um ATP, which have been shown to be physio-
logically relevant levels of extracellular ATP (Forrester &
Lind, 1969; Li et al. 2008). The effects of extracellular
ATP were measured at junctional and non-junctional
regions of individual muscle fibres, suggesting that
extracellular ATP inhibits CI~ channels throughout the
muscle fibre. This is potentially a substantial effect,
because Cl™ channels in resting mammalian skeletal
muscle are normally open and responsible for most of
the resting conductance (Palade & Barchi, 1977). The
channel probably inhibited by P2Y,; is CIC-1, as this is
responsible for most of the CI~ conductance (Gg) in
resting muscle (Steinmeyer et al. 1991a). Consistent with
this idea, extracellular ATP inhibited a large fraction of
the resting Gg. Specifically, during a 10 min exposure
to the slowly hydrolysable ATPyS the resting membrane
conductance decreased by 64%, which is near the 76%
decrease in membrane conductance induced by 200 um
9AC. Prior to this report, it was generally thought,
based on studies in amphibian muscle, that extracellular
ATP primarily produced inhibitory effects in developed
muscle indirectly through adenosine. This study suggests
that the stimulatory ATP response might be unique to
mammals, because it is observed in rat, but not frog,
muscle.

The functional identification of P2Y; receptors in
this study is consistent with previous reports that have
identified P2Y; receptors in rat (Choi et al. 2001) and
human (Léon et al. 1996) skeletal muscle using immuno-
histochemistry and Northern analysis (Abbracchio et al.
2006; Burnstock, 2007). P2Y, receptors often exert
biological effects by activating phospholipase C, which
mediates the release of diacylglycerol and InsPs, resulting
in activation of protein kinase C (PKC) (Abbracchio
et al. 2006). This mechanism is an initial candidate for
the P2Y,/Cl™ channel pathway, as the InsP; signalling
components are present in muscle (Vergara et al. 1985) and
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activation of PKC has been shown to inhibit CI~ channels
in rat skeletal muscle (Tricarico et al. 1991). Moreover,
activation of PKC by 48-phorbol esters attenuates CIC-1
Cl™ current in HEK293 cells heterologously expressing
human CIC-1 (Rosenbohm et al. 1999).

This report provides the first evidence that extracellular
ATP canacton P2Y, receptors to inhibit chloride channels.
Other reported interactions of P2Y; receptors involve
stimulating the chloride channel activity of the cystic
fibrosis transmembrane conductance regulator (CFTR)
and activating volume-sensitive chloride currents (Darby
et al. 2003; Guerra et al. 2004). Studies in renal epithelial
cells suggest that P2Y; receptor-mediated activation of
PKC stimulates CFTR via potentiation of the protein
kinase A pathway (Guerra et al. 2004). In astrocytes, the
mechanism linking P2Y; receptors to volume-sensitive
chloride currents was not identified; however, it was
suggested that a [Ca’*]-independent isoform of PKC
might be involved (Darby et al. 2003). Finally, in biliary
epithelial cells, it was recently reported that mechano-
sensitive ATP release activates Cl~ currents via P2Y
receptors (Woo et al. 2008).

This study also reveals a novel regulatory mechanism
of skeletal muscle CI™ channels. Other factors known
to regulate skeletal muscle Cl~ channels include pH and
intracellular ATP. It has long been known that a decrease
in pH inhibits muscle Cl~ channels (Hutter & Warner,
1967; Palade & Barchi, 1977). More specifically, analysis
of heterologously expressed CIC-1 channels indicates
that lowering the extracellular pH attenuates deactivating
inward currents, but enhances steady-state currents
(Rychkov et al. 1996). By contrast, when intracellular pH is
decreased heterologously expressed CIC-1 Cl~ currents are
inhibited because the voltage dependence of the common
gate is shifted to more positive potentials (Bennetts et al.
2007). Interestingly, intracellular ATP inhibits CIC-1 by
a similar mechanism (Bennetts et al. 2005), while the
effects of intracellular ATP are enhanced by intracellular
acidosis (Bennetts et al. 2007). The ability of intracellular
ATP to inhibit muscle CI~ channels suggests that at
times of low metabolic stress, chloride conductance is
reduced and muscle excitability is increased (Bennetts
et al. 2005). However, a study using the Xenopus oocytes
expression system demonstrated that intracellular ATP,
even in acidic conditions, did not affect CIC-1 (Zifarelli
& Pusch, 2008). It is unclear whether the P2Y,/Cl™
channel pathway identified here using extracellular ATP
and mature muscle will clarify these contradictory
finding for CIC-1 in different heterologous expression
systems, but the results of this study do introduce an
additional regulatory mechanism to consider in future
studies of CIC-1 CI~ channel function. During exercise,
increases in extracellular ATP and decreases in pH might
both reduce chloride conductance and increase muscle
excitability.
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Physiologically, the large resting Gg influences
excitability, as mutations in CIC-1 result in the hyper-
excitable states of Thomsen and Becker myotonias
(Bryant & Morales-Aguilera, 1971; Steinmeyer et al.
1991a) and low extracellular Cl~ decreases the electrical
stimulation required to achieve maximum twitch force
(van Emst et al. 2004). Considering the role of Gg
in muscle excitability and that extracellular ATP rises
during exercise, it is possible that the P2Y;/Cl~ channel
pathway contributes to the exercise-exacerbated stiffness
associated with paramyotonia congenita (Ryan et al. 2007).
Cl™ channels also help maintain the resting membrane
potential (Hodgkin & Horowicz, 1959; Dulhunty, 1978).
This function is thought to be important in preventing
muscle fatigue, whereby G prevents depolarization of
the transverse tubular system as extracellular Kt increases
during high-frequency stimulation (Dutka et al. 2008;
van Emst et al. 2004). Consistent with this idea, Cairns
et al. (2004) demonstrated that extracellular Cl~ protects
isolated mammalian muscle fibres against fatigue. In
contrast, ithasbeen proposed that reducing G will help to
prevent muscle fatigue during conditions of elevated inter-
stitial K*, because Na™ currents will have less resting leak
current to overcome during action potential propagation
(Mohr et al. 2004; Pedersen et al. 2004; de Paoli et al.
2007). The effect of Cl~ channels on muscle fatigue
might therefore depend on which of the many cellular
mechanisms is inducing fatigue.

In summary, this study identifies a novel purinergic
signalling mechanism in mammalian skeletal muscle that
has been unrecognized for 40 years. Specifically, physio-
logically significant levels of extracellular ATP inhibit
Cl™ channels by activating P2Y; receptors. The P2Y,/Cl~
channel pathway is a new regulatory mechanism of
mammalian Cl~ channels, an important discovery because
ATP is released from skeletal muscle during exercise.
Based on the role of Cl~ channels, the activation of P2Y;
receptors has implications for skeletal muscle excitability
and fatigue, and the pathophysiology of myotonias.
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