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ABSTRACT

Activation of muscle B,-adrenergic receptors successfully
counteracted sarcolemma inexcitability in patients suffering
from hyperkalemic periodic paralysis (HPP), a hereditary dis-
ease caused by mutations in the gene encoding the skeletal
muscle sodium channel. Looking for potential modulation of
these channels by B,-adrenergic pathway using patch-clamp
technique, we found that clenbuterol blocked sodium currents
(Ina) in rat skeletal muscle fibers and in tsA201 cells transfected
with the human channel isoform, whereas salbutamol did not.
The effects of clenbuterol were independent of B-adrenoceptor
stimulation. Instead, clenbuterol structure and physicochemical
characteristics as well as /, blocking properties resembled
those of local anesthetics, suggesting direct binding to the

channels. Similar experiments with the chemically similar g-an-
tagonists propranolol and nadolol, suggested the presence of
two hydroxyl groups on the aromatic moiety of the drugs as a
molecular requisite for impeding sodium channel block. Impor-
tantly, clenbuterol use-dependently inhibited action potential
firing in rat skeletal muscle fibers, owing to B-adrenoceptor-
independent /. block. From a clinical point of view, our study
defines the rationale for the safe use of salbutamol in HPP
patients, whereas clenbuterol may be more indicated in pa-
tients suffering from myotonic syndromes, a condition charac-
terized by sarcolemmal overexcitability, because use-depen-
dent I, block can inhibit abnormal runs of action potentials.

Modulation of skeletal muscle function by B-adrenoceptor
agonists has long been described (Bowman and Nott, 1969);
only recently, however, therapeutic use was proposed on the
basis of experimental data, case reports, and rare clinical
trials. In particular, the use of clenbuterol or salbutamol
(albuterol) was proposed to counteract muscle atrophy that
occurs in orthopedic patients, especially in elderly persons or
patients in a malnutrition state, as well as in hereditary
muscle dystrophies (Maltin et al., 1993; Hayes and Williams,
1998; Zeman et al., 2000; Herrera et al., 2001; Kissel et al.,
2001). Potential benefits in these diseases are expected from
the B,-adrenoceptor—mediated anabolic effects of these drugs
(Choo et al., 1992; Hinkle et al., 2002). Interestingly, Bs-
agonists also successfully counteracted muscle paralysis in
patients suffering from hyperkalemic periodic paralysis
(HPP) (Wang and Clausen, 1976; Hanna et al., 1998). HPP is
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a hereditary muscle disorder caused by mutations in the gene
encoding the sodium channel expressed exclusively in the
skeletal muscle (Cannon, 2001). The genetic defect produces
a susceptibility to sarcolemmal depolarization, which ren-
ders the fiber inexcitable and leads to frequent attacks of
muscle weakness lasting 1 to 3 h. The B,-agonists may be
able to counteract the guilty membrane depolarization
through activation of the electrogenic Na*-K* pump
(Clausen et al., 1993). Use of salbutamol, metaproterenol,
and terbutaline in patients with HPP have been reported,
but their relative efficacy in this disorder remains to be
established. Differing from periodic paralysis are the myo-
tonic syndromes that are characterized by sarcolemmal over-
excitability, which are common to a number of hereditary
diseases resulting from various genetic defects, including
sodium channelopathies (Moxley, 2000; Cannon, 2001;
Meola, 2002). Local anesthetic-like drugs, such as mexiletine,
prove useful in myotonic patients, owing to use-dependent
block of sodium channels (Moxley, 2000). To our knowledge,

ABBREVIATIONS: HPP, hyperkalemic periodic paralysis; PKA, cyclic AMP-dependent protein kinase; PKC, calcium- and phospholipid-depen-
dent protein kinase; /y,, sodium currents; hSkM1, human skeletal muscle sodium channels; K, drug affinity constant for closed sodium channels;
K,, drug affinity constant for inactivated sodium channels; hp, holding potential; CPT-cAMP, 8-(4-chlorophenylthio)adenosine 3’,5’-cyclic
monophosphate; H-89, N-[2-(p-bromocinnamylamino)-ethyl]-5-isoquinoline-sulfonamide; QX-314, N-(2,6-dimethylphenylcarbamoylmethyl)-

triethylammonium chloride.
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there have been no reports about the use of adrenergic agents
in myotonia, most probably because sodium channel block by
these drugs was not expected in skeletal muscle.

The B,-subtype is the predominant B-adrenergic receptor
expressed in skeletal muscle (Liggett et al., 1988). This G
protein-coupled receptor exerts its physiological function
through phosphorylation of specific effectors, such as ion
channels, by cyclic AMP-dependent protein kinase (PKA)
(Yang and McElligott, 1989). For instance, B,-agonists were
shown to increase sodium channel activity in cardiac myo-
cytes through the classic PKA-dependent pathway but also
through a membrane-delimited pathway involving direct in-
teraction between Gas protein and the channel (Matsuda et
al., 1992; Lu et al., 1999). Nothing is known about possible
similar mechanisms in the skeletal muscle.

In a previous study, we showed that two membrane-per-
meable analogs of cyclic AMP inhibited sodium currents (Iy,)
in cell-attached patches of rat skeletal muscle fibers. The
effect was not mimicked by externally-applied cAMP and
persisted in the presence of the PKA inhibitor N-[2-(p-bro-
mocinnamylamino)-ethyl]-5-isoquinoline-sulfonamide (H-
89), indicating that cAMP acted within the cell to block
skeletal muscle sodium channels independently of PKA
activation (Desaphy et al., 1998). In the present study, we
sought to determine whether B,-adrenoceptor agonists
might increase cyclic AMP level sufficiently to block so-
dium channels. We found that clenbuterol but not salbu-
tamol inhibited Iy, in rat skeletal muscle fibers or in
tsA201 cells expressing the human skeletal muscle sodium
(hSkM1) channels. We also showed that sodium channel
block by clenbuterol can affect action potential property in
skeletal muscle fibers. Those effects were independent of
Bs-adrenoceptor stimulation and did not involve PKA, cal-
cium- and phospholipid-dependent protein kinase (PKC),
or cyclic AMP. Thus, we propose that clenbuterol directly
blocked sodium channels in a manner similar to local an-
esthetic drugs, and we defined some structural require-
ments in B-agonists and antagonists for obtaining such an
effect. Because of the differences in blocking muscle so-
dium channels, salbutamol should be safely used in peri-
odic paralysis patients, whereas clenbuterol may be more
indicated in patients suffering from myotonic syndromes.

Materials and Methods

All experiments involving animals were conducted in accordance
with the Italian Guidelines for the use of laboratory animals, which
conform with the European Community Directive published in 1986
(86/609/EEC).

Sodium Current Measurement in Rat Skeletal Muscle Fi-
bers. Fibers were enzymatically dissociated from flexor digitorum
brevis muscles of adult rats, and sodium currents were recorded at
room temperature in the cell-attached configuration of the patch-
clamp method, as described previously (Desaphy et al., 1998a). Bath
solution contained 145 mM CsCl, 5 mM EGTA, 1 mM MgCl,, 10 mM
HEPES, and 5 mM glucose. Pipette solution contained 150 mM
NaCl, 1 mM MgCl,, 1 mM CaCl,, and 10 mM HEPES. Both solutions
were buffered at pH 7.3. In these conditions, muscle fibers were
depolarized near 0 mV such that the cell-attached patch potential
was close to that held by the AxoPatch 1D amplifier (Axon Instru-
ments, Union City, CA). The patch generally contained tens of so-
dium channels, allowing recording of macroscopic-current-like so-
dium currents (Iy,) with rapid onset and total inactivation in less
than 3 ms. Patches with I, exhibiting >15% run-down in 20 min or

anomalous activation and inactivation voltage-dependence were dis-
carded from analysis (Desaphy et al., 1998a). Voltage-clamp proto-
cols and data acquisition were performed using pCLAMP 6.0 soft-
ware (Axon Instruments) through a digidata 1200 analog/digital
interface. Current were low-pass filtered at 2 kHz (=3 dB) by the
amplifier four-pole Bessel filter and digitized at 10 to 20 kHz.

Sodium Current Measurement in tsA201 Cells. The tsA201
cells were cotransfected with 10 ug of plasmid DNA encoding the
full-length hSkM1 ¢cDNA and lower amount of a plasmid DNA en-
coding CD8 receptors using the calcium-phosphate precipitation
method, as described previously (Desaphy et al., 2001). Successfully
transfected cells were identified using Dynal microbeads coated with
anti-CD8 antibody (Dynal A.S., Oslo, Norway). I, were recorded at
room temperature using the whole-cell, patch-clamp method (Desa-
phy et al., 2001). Bath solution contained 150 mM NaCl, 4 mM KClI,
2 mM CaCl,, 1 mM MgCl,, 5 mM HEPES, and 5 mM glucose, and the
pH was set to 7.4 with NaOH. The pipette solution contained 120
mM CsF, 10 mM CsCl, 10 mM NaCl, 5 mM EGTA, and 5 mM
HEPES, and the pH was set to 7.2 with CsOH. Peak I, amplitudes
ranging from 0.8 to 6 nA, stable series resistance errors less than 5
mV, and current run-down less than 5% within the experiment were
our limiting criteria to consider the data for analysis.

Action Potential Measurement in Rat Skeletal Muscle Fi-
bers. Action potentials were recorded in vitro in rat skeletal muscle
fibers as described previously (Desaphy et al., 1998b). Briefly, the
extensor digitorum longus muscles were dissected from animals
under urethane anesthesia and fixed through tendons in a recording
chamber containing a 95% O,/5% CO,-gassed physiological solution.
Action potentials were elicited in current-clamp mode using two
intracellular microelectrodes. The membrane potential was held at
—80 mV by injecting a steady current, and 100-ms depolarizing
current pulses of increasing amplitude were applied up to elicit first
a single action potential (threshold) and then a train of action po-
tentials.

Drugs and Chemicals. Salbutamol, clenbuterol, DL-propranolol,
8-(4-chlorophenylthio)adenosine 3’,5'-cyclic monophosphate (CPT-
cAMP), H-89, staurosporine, and okadaic acid were purchased from
Sigma (Milan, Italy). QX-314 was a gift from Alomone Labs (Jerusa-
lem, Israel). These compounds were directly dissolved in bath or
pipette solution at the desired concentration, except for H-89 and
staurosporine, which were first dissolved in dimethyl sulfoxide and
then diluted in recording solutions. The final concentration of di-
methyl sulfoxide did not exceed 0.1% and had no effect on sodium
currents.

Average data are presented as mean *= S.E.M. and statistical
analysis was performed using Student’s ¢ tests for grouped data,
considering p < 0.05 as significant.

Results

Effects of B,-Agonists on Sodium Currents in Rat
Skeletal Muscle Fibers. Macroscopic-current-like sodium
currents were elicited in cell-attached patches of rat skeletal
muscle fibers by test pulses to the potential of —20 mV
applied from a holding potential (hp) of —100 mV every 2 s
(Desaphy et al., 1998a). Five minutes after seal formation,
the peak I, amplitude was sufficiently stable to allow drug
testing. As shown in Fig. 1A, bath application of 500 uM
salbutamol for about 5 min had no effect on I'y,. In five cells,
the peak Iy, amplitude in the presence of salbutamol was
97.4 = 3.0% of control. Such an effect was not distinguishable
from the spontaneous run-down observed in these experi-
mental conditions (Desaphy et al., 1998a). In contrast to
salbutamol, the other B,-adrenoceptor agonist, clenbuterol
(500 uM), reduced Iy, to 36.8 £ 3.0% of control in four muscle
fibers (Fig. 1B). The effect of clenbuterol was quite fully
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Fig. 1. Effects of B,-adre-
noceptor agonists on so-
dium current amplitude
in rat skeletal muscle fi-
bers. Sodium currents
were elicited in cell-at-
tached patches by 25-ms
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reversible in 5 to 6 min, as shown in Fig. 1B. Normalized
current-voltage relationships measured in three cells tested
for clenbuterol effect are shown in Fig. 2A. Under control
conditions, the current-voltage curve activated at —60 mV,
peaked at —20 mV, and reached zero-current level at +70
mV. Clenbuterol reduced I, at all voltages and did not
modify the voltage at which current amplitude was maximal.
The voltage dependence of the activation curve was not mod-
ified by the drug (Fig. 2B), suggesting that no change in fiber
V. occurred in response to 500 uM clenbuterol. The midpoint
potentials for activation were —40.9 mV in control and —42.8
mV in presence of clenbuterol. In contrast, clenbuterol
shifted the voltage dependence of steady-state fast inactiva-
tion toward negative potentials, as assessed using a two-
pulse protocol including a 200-ms conditioning pulse (Fig.
2C). The —8.5 mV shift of the half-maximum inactivation
potential induced by the drug was larger than the spontane-
ous negative shift we generally observed in cell-attached
patch recordings (i.e., usually —2 mV in 10 min) (Desaphy et
al., 1998a). The effect of clenbuterol was dose-dependent
because 1500 uM clenbuterol reduced peak I, to 10.7 =
6.0% of control (n = 4, p < 0.001 versus. 500 uM). To further
evaluate the role of PKA in current inhibition by clenbuterol,
we applied the drug in presence of 10 uM H-89, a specific
inhibitor of the kinase (Fig. 3). In 3 fibers, H-89 alone applied

externally for 10 min had no effect on I,, whereas further
application of 1500 uM clenbuterol still reduced peak current
with potency similar to that observed in the absence of H-89.
Effects of B,-Adrenoceptor Agonists and Antagonists
on Human Skeletal Muscle Sodium Currents Ex-
pressed in tsA201 Cells. Wild-type hSkM1 channels were
transiently expressed in tsA201 cells, and the resulting I,
were recorded with patch-clamp technique in the whole-cell
configuration (Desaphy et al., 2001). Externally applied clen-
buterol produced both tonic and use-dependent block of I,
elicited by depolarizing pulses to —30 mV from an hp of —120
mV (Fig. 4). Tonic block was assayed 3 min after drug appli-
cation by measuring the reduction of I, elicited at 0.1 Hz,
whereas use-dependent block was further obtained by in-
creasing stimulation frequency to 10 Hz. In the presence of
100 uM clenbuterol, I, was reduced to 40% (tonic block) and
20% (10-Hz block) of control current (Fig. 4A). The inhibitory
effect of clenbuterol was dose-dependent, with IC,, values of
76 uM for tonic block and 26 uM for 10 Hz-block (Fig. 4B).
The Hill coefficients calculated from the fitting functions
were close to unity, thereby indicating a 1:1 stoichiometry.
In tsA201 cells, the effect of clenbuterol was not mimicked
by 500 uM CPT-cAMP, a membrane-permeable analog of
cyclic AMP (Fig. 5A). This contrasts with the inhibitory effect
of this compound on native I, recorded in skeletal muscle
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Fig. 2. Effects of clenbuterol on sodium current voltage-dependence in
rat skeletal muscle fibers. A, current-voltage relationships constructed
before (CTRL) and after application of 500 uM clenbuterol (CLE). The

fibers (Desaphy et al., 1998a). The lack of CPT-cAMP effect
on heterologously expressed sodium channels was not caused
by an endogenous activation of phosphatases in the system of
expression, because it persisted in presence of 300 nM oka-
daic acid. Also, application of 10 M H-89 had no effect on I,
in tsA201 cells, suggesting that basal phosphorylation of the
channels had not masked effect of CPT-cAMP. The effects of
100 uM clenbuterol assayed in the presence of either 10 uM
H-89 or 1 uM staurosporine in the pipette solution were not
significantly different from that observed with standard pi-
pette solution, indicating that neither PKA nor PKC were
involved in the inhibitory effect of the drug (Fig. 5B). To
verify whether clenbuterol effect depends on B,-adrenoceptor
stimulation, the drug was applied in presence of 10-fold more
concentrated nadolol, a specific B-antagonist (Fig. 5B). Nado-
lol by itself had no effect of hSkM1 channels, and the effect of
100 uM clenbuterol measured in presence of the B-antagonist
was very similar to that recorded with clenbuterol alone.
All together, the results described so far suggested a direct
interaction of clenbuterol with sodium channels that resem-
bles that of local anesthetics. Use-dependent block of I, and
negative shift of channel availability are generally observed
for drugs having greater affinity for the inactivated channel
compared with the closed channel. At the hp of —120 mV, a
small proportion of the channels are inactivated (Fig. 6A) and
the tonic block measured at this hp most probably reflects the
combination of binding to resting (closed) and inactivated
channels, as described previously for the local anesthetic
drug, mexiletine (Desaphy et al., 2001). Determination of
affinity constant for inactivated channels (K;) is complicated
by the existence of several kinetically-different inactivated
states and superimposing of kinetics for drug binding/un-
binding and inactivation development/recovery (for recent
review, see Takahashi and Cannon, 2001). In an attempt to
determine K; for clenbuterol, we measured the shift of so-
dium channel steady-state availability as a function of clen-
buterol concentration (Bean et al., 1983), and calculated a K;
value of 19 uM (Fig. 6B). Another way to estimate K is to
measure block of depolarized channels (Nau et al., 1999;
Takahashi and Cannon, 2001). To dissociate channel inacti-
vation from drug block, both occurring during a depolarized
prepulse, it is necessary to include a recovery period before to

patches were held at —110 mV and depolarized every 10 s to potentials
ranging from —100 to + 70 mV, applied in 10-mV increments. Each data
point is the mean + S.E.M. from three patches. B, activation curves were
constructed from current-voltage relationships by converting current
(Ix.) to conductance (gy,) using the equation gy, = In./(V,, — Ex.), Where
V.. is the membrane potential and E, is the equilibrium electrochemical
potential for sodium ions, estimated to be +70 mV. Activation curves
were fitted with the Boltzmann equation, gx./gxa max = 11 + expl(V,,, —
V.1,0)/K]}, to determine the half-maximum activation potential (V;,,) and
the slope factor (K). In control, the values of V,,, and K along with the S.E.
of the fit were —40.9 = 0.9 mV and 7.7 + 0.8 mV, respectively. With 500
uM clenbuterol, V;,, was —42.8 = 0.9 mV and K was 6.5 = 0.8 mV. C,
availability curves for sodium current were constructed using a standard
double-pulse protocol. The patches were held at —110 mV and received a
200-ms conditioning prepulse ranging in amplitude from —140 to —20
mV followed by a test pulse to —20 mV. Data points were calculated as
the mean + S.E.M. of three patches and were reported as a function of the
prepulse potential. The inactivation relationships were fitted with the
Boltzmann equation, Iy /I, max = V{1 + expl(V,,, — V. J/K]} to determine
the half-maximum inactivation potential (V) and the slope factor (K).
The values of V, and K along with the S.E. of the fit were —89.6 = 0.6 mV
and 5.8 + 0.6 mV in control conditions. With 500 uM clenbuterol, V, was
—98.1 + 0.2 mV and K was 6.1 = 0.2 mV.
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apply a test pulse. The recovery period should be long enough
for channels to recover from inactivation but insufficient for
recovery from drug block. We first measured recovery time of
hSkM1 channels at —120 mV in the absence and in the
presence of 100 uM clenbuterol (Fig. 6C). In the absence of
clenbuterol, most of the channels (>97%) recovered from fast
inactivation with a single exponential time constant (71 =
2.02 = 0.06 ms). Clenbuterol introduced a second, longer
exponential time constant (72 = 11.2 = 3.3 s). It is clear from
Fig. 6C that a recovery period of 35 ms allowed recovery from
inactivation without affecting the proportion of drug-bound
channels. We thus measured block of channels depolarized
for 1.5 s at =70 mV, a conditioning pulse at which about 75%
of the channels are inactivated, using a recovery period at
—120 mV for 35 ms (Fig. 6D, inset). This protocol applied in
absence of drug produced less than 5% channel block,
whereas a dose-dependent block was observed in the pres-
ence of clenbuterol with an IC;, value of ~30 uM (Fig. 6D). A

A

a ” H-89 + Clenbuterol

l 18 pA

" CTRL R
B 0 3
T
0.8
B
5 06
o
i 4
=]
2 04 -
@
o4
02 - 3
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00 JI CLE H-89 H-89 + CLE
1500 uM 10uM 10+ 1500 uM

Fig. 3. Effects of clenbuterol on sodium currents in rat skeletal muscle
fibers in presence of the cyclic AMP-dependent protein kinase inhibitor,
H-89. A, ensemble average sodium currents were constructed from 10
consecutive traces elicited from —100 to —20 mV in a cell-attached patch
exposed to control bath solution (CTRL, dashed line), then to 10 uM H-89,
and then to 10 uM H-89 + 1500 uM clenbuterol. B, the protocol described
in A was repeated in three patches and data, normalized with respect to
control current, were averaged as mean + S.E.M., and reported together
with average data obtained from three patches exposed to 1500 uM
clenbuterol alone.
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quite similar block was obtained using a shorter conditioning
pulse duration of 1 s, indicating that steady-state block of
fast inactivated channels was reached (not shown). On the
other hand, prolonging the conditioning pulse to 2 s produced
a greater reduction of sodium current, most probably because
of development of slow inactivation (not shown). To evaluate
clenbuterol affinity for closed sodium channels (Ky), we con-
structed concentration-response curves for tonic block from
an hp of —180 mV. At this potential, the entire population of
hSkM1 channels is in the closed state, ready to open in

10 Hz

0.1 Hz

1ms

1 mM Salbutamol

Fractional current

024 o 0.1Hz

10 Hz

0.0 e~
1 10 100

[clenbuterol] (uM)

Fig. 4. Dose-dependent effects of clenbuterol on human skeletal muscle
sodium currents in tsA201cells. A, whole-cell Iy, were recorded in tsA201
cells transiently transfected with the hSkM1 channel. The cells were held
at —120 mV and 25-ms test pulses were applied to —30 mV. Currents
were recorded under control conditions, 3 min after application of 100 uM
clenbuterol at a low frequency stimulation (0.1 Hz), and during high-
frequency stimulation (10 Hz). B, dose-response relationships were con-
structed using the protocol described in A at both 0.1 Hz (tonic block) and
10 Hz (use-dependent block). Each data point was calculated as the
mean *+ S.E.M. from 4 to 13 cells. The relationships were fitted with the
Hill binding function, 4, o/I.ontra = V{1 + ([drugl/IC5,)"™}, to calculate
the half-maximum inhibitory concentration (IC;,), and the logistic slope
factor (ny). For tonic block, the values of IC;, and ny; together with the
S.E. of the fit were 76.4 * 5.0 uM and 1.17 = 0.09, respectively. For
use-dependent block (10 Hz), IC,, was 25.9 = 4.9 uM and ny was 1.03 *
0.21. Effect of 1 mM salbutamol (mean = S.E.M., n = 3) obtained in the
same experimental conditions is also reported for comparison.
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response to depolarization. The Ky of clenbuterol calculated
from the first-order binding function was 242 uM (Fig. 6D).
Using the Ky value and the IC;, value calculated for depo-
larized channels, a value of K; was estimated from the mod-
ulated receptor model equation: 1/IC;, = h/Ky + (1 — h)/K;,
where the terms h and (1 — h) are the proportions of closed
and inactivated channels at the potential considered (Bean et
al., 1983). The value for h in the cells used for IC;, determi-
nation at —70 mV was 0.25, which gives a K; value of ~23
M.

Direct interaction of B-adrenoceptor antagonists, including
propranolol, with cardiac sodium channels was proposed on
the basis of their effect on the maximum upstroke velocity of
action potential (Ban et al., 1985; Courtney, 1990). Although
we failed to find an effect of nadolol on hSkM1 channels, the
previous studies suggested that other B-antagonists may
block Iy,. We choose to test propranolol because chemical
differences with nadolol were comparable with those between
salbutamol and clenbuterol (Table 1). The external applica-
tion of 1 mM propranolol greatly inhibited I, elicited to —30
mV at 0.1 Hz from an hp of —120 mV, the effect being rapid
and fully reversible (Fig. 7A). Both tonic (0.1 Hz) and use-
dependent (10 Hz) blocks were observed in a dose-dependent
manner, with IC,, values of 69 and 8 uM, respectively (Fig.
7B).

Thus, in contrast to nadolol, propranolol did block I, and
was even more potent than clenbuterol in producing use-
dependent block. As already mentioned, block of sodium
channels by clenbuterol and propranolol was very similar to
that produced by the local anesthetic mexiletine. It is gener-
ally admitted that binding of local anesthetic drugs to their
putative molecular receptors within the ion-conducting pore
of skeletal muscle sodium channels requires the drugs to
cross the cell membrane and to reach their binding sites from
the intracellular mouth of the pore (Hille, 2001). As shown in
Table 1, the presence of two hydroxyl groups on the aromatic

A Residual current
0.0 02 04 06 08 120 1.2
4 500 uM CPT-cAMP -
4 300 nM Okadaic acid h
3 ;01:1-\'[ OA-+ 500 uM CPT-:AMPE —
4 | 10 p.M_I;-;9 ]

moiety of salbutamol and nadolol greatly reduces the lipophi-
licity (Log P) of these drugs compared with the sodium chan-
nel blockers, suggesting that the externally applied com-
pounds may be retained outside the cell by the plasma
membrane before to reach their binding site. To verify this
hypothesis, we compared the effects of salbutamol and nado-
lol with those of the membrane-impermeant quaternary de-
rivative of lidocaine, QX-314 (Frazier et al., 1970). The drugs
were diluted in the pipette solution, which allowed direct
access to the intracellular side of the channels. Potential
effect of the drugs was assayed by measuring use-dependent
block of Iy, (Fig. 8). In the presence of 300 uM QX-314,
use-dependent block of I, developed to ~50% of control. In
contrast, neither 1 mM salbutamol nor 1 mM nadolol modi-
fied Iy, in response to 10-Hz stimulation.

Effects of B,-Agonists and Antagonists on Action Po-
tentials of Rat Skeletal Muscle Fibers. We looked at the
effect of clenbuterol on action potential behavior in rat skel-
etal muscle fibers by means of two intracellular microelec-
trodes (Desaphy et al., 1998b). The membrane potential was
clamped to —80 mV before to apply depolarizing currents of
increasing amplitude up to elicit a single action potential and
then a train with the maximal number of action potentials.
After collection of data in control conditions, clenbuterol was
applied to the muscle, and action potentials were recorded
after a short delay of ~5 min. At the concentration of 3 uM,
clenbuterol had no significant effect on the single action
potential but reduced by ~50% the maximum number of
spikes elicited (Fig. 9B). At 30 uM, clenbuterol reduced the
amplitude of the single action potential to ~80% of control
and completely inhibited action potential firing (Fig. 9A). In
the presence of 300 uM clenbuterol, only 3 fibers of 7 were
able to elicit a single action potential, which was ~65% of
control amplitude (Fig. 9C). Thus the inhibitory effect of
clenbuterol on action potential was dose-dependent and use-
dependent, because the drug affected the number of spikes at

B Residual current with 100 pM CLE

0.0 0.2 0.4 0.6 0.8 1.0 1.2
1 ! i I i ]

13 CTRL pipette solliltion
4 —' 10 uM H-89
4 ) — 1 pM Staurospo%‘ine
4 B — 1 mM Nadolé)l

Fig. 5. No role for cyclic AMP, PKA, PKC, and B-adrenergic receptor in the inhibitory effect of clenbuterol on human skeletal muscle sodium currents.
A, whole-cell I, were recorded in tsA201 cells transiently transfected with hSkM1 channel. The cells were held at —120 mV and received a 25-ms
depolarizing pulse to —30 mV every 10 s. Each bar represents the mean = S.E.M. from the number of cells indicated on the left of the bar of the residual
current (Zy,,o/1 oniro) Measured 4 to 5 min. after external application of 500 uM CPT-cyclic AMP, 300 nM okadaic acid, 300 nM okadaic acid + 500 M
CPT-cyclic AMP, and 10 uM H-89. B, effects of 100 uM clenbuterol was measured as in A in patches containing control pipette solution alone, or
supplemented with 10 uM H-89 or 1 uM staurosporine, or in the presence of 1 mM external nadolol.
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Fig. 6. State-dependent affinities of human skeletal muscle sodium channels for clenbuterol. A, voltage-dependence of I, availability in tsA201 cells
transfected with hSkM1 channel. I, were evoked by a 20-ms test pulse to —30 mV after 50-ms conditioning prepulses to potentials ranging from —150
to —30 mV in 10-mV increments. Pulses were delivered at 10-s intervals and hp was —180 mV. The peak Iy, recorded during the test pulse was
normalized with respect to the maximal Iy, and means = S.E.M. were calculated from n cells to be plotted against the prepulse potential. The
relationship was determined in control conditions (CTRL) and in the presence of various concentrations of clenbuterol. Only the effects of 30 and 300
uM clenbuterol are shown. The relationships were fitted with the Boltzmann equation as in Fig. 2. The values of V}, and K along with the S.E. of the
fit were —80.2 = 0.3 mV and 6.3 = 0.2 mV in CTRL (n = 13). In the presence of 30 uM clenbuterol, V;,, was —89.2 = 0.2 mV and K was 7.3 = 0.3 mV
(n = 10). In presence of 300 uM clenbuterol, V,, was —99.2 = 0.3 mV and K was 7.9 = 0.2 mV (n = 4). B, the affinity of clenbuterol for inactivated
channels (K;) was estimated by plotting the half-maximum inactivation potential (V},), determined as in A, as a function of clenbuterol concentration.
Each data point was the mean = S.E.M. from 4 to 33 cells. The relationship was fitted with the equation, V}, = Koy, X In(141 + ([drugl/KpD}) + Vi, crges
where Kqrgy, and Vy, opg;, Were the values of K and Vi, measured in control conditions. The values of K; determined along with the S.E. of the fit was
18.8 = 2.1 uM. C, recovery from inactivation and clenbuterol block of hSkM1 channels. The cells were held at —120 mV. A recovery pulse at the hp
of increasing duration was included between two test pulses at —30 mV. The peak I, recorded during the second test pulse was normalized with
respect to the peak I, recorded during the first test pulse and means = S.E.M. were calculated from n cells to be plotted against the recovery time.
The relationship determined in control conditions (CTRL) was fitted with a monoexponential function, I(t) = A, + A; X [1 — exp(—t/71)], whereas the
relationship determined in presence of 100 uM clenbuterol was fitted with a two-exponential function, I(t) = A, + A} X [1 — exp(—t/71)] + A, X [1 —
exp(—t/72)], using the value of 71 determined in CTRL. Fit parameters with the S.E. of the fit were A, = —0.27 = 0.03, A, = 1.25 £ 0.03, 71 = 2.02 =
0.06 ms, Ay = —0.24 = 0.02, A} = 1.08 = 0.02, A, = 0.17 + 0.01, and 72 = 11.2 = 3.3 ms. D, dose-response curves for depolarized and closed channels
in tsA201 cells. The affinity of clenbuterol for depolarized channels was determined by eliciting Iy, during a test pulse at —30 mV after a 1.5-s
depolarization at —70 mV followed by a 35-ms recovery period at —120 mV. Peak Iy, measured in presence of clenbuterol was normalized with respect
to control peak I, and each data point is the mean = S.E.M. from at least four cells. The dose-response relationship was fitted using the Hill binding
function, with IC;, = 30.1 = 2.7 uM and ny = 0.91 = 0.07. The affinity of clenbuterol for closed channels (Ky) was determined by holding the cells
at —180 mV and measuring the dose-response relationship at 0.1-Hz stimulation frequency. Each data point was calculated as the mean + S.E.M. from
3 or 4 cells. The relationship was fitted using the Hill binding function, 4,,./1 = 1/{1 + ([drugl/Kg)"H}. The values of K and ny; together with the
S.E. of the fit were 242.3 = 15.0 uM and 1.06 * 0.07, respectively.
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TABLE 1
Chemical structures and physicochemical properties

pK, and ionization refer to the amine group of the drugs. Log P and pK, were calculated using Advanced Chemistry Development Software Solaris v4.67; ionization was
calculated from Henderson-Hasselbalch equation.

Log P pK, Tonization

Compound Structure (mol%, pH 7.4)

(free‘ba'se)

Clenbuterol o o N 277.19 2.612 £ 0.382 13.29 = 0.20 >99.9
Hﬂj@/k/
<

Salbutamol H { 239.31 0.015 = 0.301 9.83 = 0.20 99.6
HO'
HO

Propranolol J\ 259.34 3.097 £ 0.193 13.84 = 0.20 >99.9
@R
0
Nadolol J< 309.40 1.288 = 0.344 13.91 = 0.2 >99.9
QAL
poel
HO'
Mexiletine \/L 179.26 2.160 = 0.228 8.58 = 0.20 93.4
NH,
lower concentrations than those required to affect the single Discussion

action potential. As expected from patch-clamp data, the
effect of clenbuterol on action potentials was also indepen-
dent of B,-adrenoceptor stimulation, because it persisted in
presence of nadolol (Fig. 9D).

Looking for potential modulation of skeletal muscle sodium
channels by the B-adrenergic signaling pathway using patch-
clamp technique, we observed that the B-adrenergic receptor

A B

120 1.1
1o 1 CTR |1 mMPRO| CTRL | 10 ;
wlr°5~ ¢ o 09 = -
199 a0 . i S Tt ut% b 1 mM nadolol
w90 : : 0.8 -
g 80 - : : 1 mM Propranolol g0‘7 .
3 70 3 o064
60 : ‘e s |
E 50 - : 5 05
] ; S 04
E 40 : &
*] ‘0 0.3 -
2 30 : :
e : Wash 2094 02 -
20 2 : ot |22 0.1 Hz
107 L eadd *'7 e 10Hz
1Y N S, X S 0.0 e
10 11 12 13 14 15 16 17 18 19 1 10 100 1000 10000

Time (min) [propranolol] (uM)

Fig. 7. Effects of the p-adrenoceptor antagonist, propranolol, on human skeletal muscle sodium channels in tsA201 cells. Whole-cell I, were elicited
in tsA201 cells transiently transfected with hSkM1 channels. The cells were held at —120 mV and received a 25 ms-long depolarizing pulse to —30
mV every 10 s. A, peak sodium current amplitude was reported as a function of time in control conditions (CTRL) and during external application of
1 mM propranolol. Inset are shown I, traces recorded before, during, and after (washout) application of propranolol. B, dose-response relationships
were constructed using the protocol described in A at both 0.1 Hz (tonic block) and 10 Hz (use-dependent block). Each data point was calculated as
the mean + S.E.M. from three to five cells. The relationships were fitted with the Hill binding function, 1,,,,/I.ontrr = /{1 + ([drugl/IC5,)"™M}, to
calculate the half-maximum inhibitory concentration (IC;,), and the logistic slope factor (). For tonic block, the values of IC;, and ny; together with
the S.E. of the fit were 68.9 = 2.8 uM and 1.13 = 0.05, respectively. For use-dependent block (10 Hz), IC;, was 7.9 * 0.2 uM and n; was 1.03 = 0.02.
Effect of 1 mM nadolol (mean = S.E.M., n = 4) obtained in the same experimental conditions is also reported for comparison.
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agonist clenbuterol blocked I, in native rat skeletal muscle
fibers or in tsA201 cells expressing the human skeletal mus-
cle sodium channel. This effect was independent of B-adre-
noceptor modulation and rather resembled the sodium chan-
nel block by local anesthetic-like drugs, thereby suggesting
direct binding of the drug to the channels. In contrast, the
B-agonist salbutamol had no effect on I,. Such observation
may have important implications for the therapeutic use of
these drugs. For example, this difference between the two
drugs defines the rationale for the use of salbutamol in pa-
tients suffering from periodic paralysis (sarcolemmal inexcit-
ability), whereas clenbuterol may be more indicated in pa-
tients presenting myotonic syndromes (sarcolemmal
overexcitability).

Although membrane-permeable analogs of cyclic AMP in-
hibited sodium currents in rat muscle fibers (Desaphy et al.,
1998a), the nucleotide CPT-cAMP had no effect on skeletal
muscle sodium channels expressed in tsA201 cells, as re-
ported by others (Bendahhou et al., 1995). As discussed else-
where (Desaphy et al., 1998a), such a difference suggests
that the heterologous system of expression lacks a component
present in skeletal muscle fibers and responsible for the
effect of cAMP on sodium channels. B-Adrenergic stimulation
with salbutamol was not able to increase cyclic AMP suffi-
ciently to block sodium channels in our experimental condi-
tions, thereby raising concerns about the physiological sig-
nificance of sodium channel direct modulation by the
nucleotide.

Nevertheless, the B,-agonist clenbuterol produced a rapid
and reversible block of rat and human skeletal muscle so-
dium channels. This effect persisted in presence of PKA or
PKC inhibitors, was not mimicked by salbutamol, and was

10 1 mM Nadolol

0.9 CTRL
1 mM Salbutamol

E’ 08 -]
P~
Q
E 07 - :
E 06 4 300 pM QX-314
2

0.5

04 T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100

Pulse Number

Fig. 8. Development of use-dependent block after internal diffusion of
control pipette solution (CTRL, plain line), or pipette solution supple-
mented with 1 mM nadolol (A), 1 mM salbutamol (V), or 300 uM QX-314
(®@). The hSkM1-transfected tsA201 cells were held at —120 mV and
received a 25-ms depolarizing pulse to —30 mV every 10 s to elicit I,.
This protocol was applied about 5 min after achieving whole-cell config-
uration to allow pipette solution to diffuse well within the cell. Peak I,
measured at each test pulse was normalized with respect to the first
pulse I,. Each data point is the mean + S.E.M. from five cells in each
condition. The S.E.M. bars are omitted for CTRL, nadolol, and salbutamol
to improve clarity.
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not antagonized by nadolol, a B-adrenoceptor antagonist. To-
gether, these data indicate that the inhibitory effect of clen-
buterol on I, was independent of B-adrenoceptor stimula-
tion. On the other hand, the effect of clenbuterol on I, was
very similar to that of local anesthetic drugs that bind and
block sodium channels, including a 1:1 stoichiometry, volt-
age- and use-dependent properties, and negative shift of volt-
age-dependence of sodium channel availability (Ragsdale et
al., 1996). Interestingly, use-dependent block of sodium chan-
nels was also observed in cardiomyocytes (Fischer et al.,
2001). Such properties have been explained by the modulated
receptor hypothesis that forecasts the drug binding depen-
dence on channel state as a result of change in receptor
affinity (Hille, 2001). Using specific voltage clamp protocols,
we estimated the affinities for closed and inactivated chan-
nels to be ~240 and ~20 uM, respectively. For comparison,
using the same expression system, a typical inactivated-
channel blocker such as mexiletine showed closed-channel
affinity of ~800 uM and inactivated-channel affinity of ~7
uM (Desaphy et al., 2001). It should be noted that higher
clenbuterol concentrations were required to block Iy, in skel-
etal muscle fibers to the same extent as in tsA201 cells,
although voltage-clamp protocols should be more favorable to
block in the native system, where less negative hp and higher
frequency of stimulation were used. Hypothetic causes for
such include differences in receptor affinity between the rat
and the human sodium channels or differences in intracellu-
lar medium (for muscle fiber) and experimental solutions
between the two systems. Importantly, inhibition of muscle
action potential firing was obtained in more physiologic con-
ditions (e.g., hp = —80 mV) with clenbuterol concentrations
lower than those required to block I, in cell-attached
patches of muscle fibers, as described below.

The putative molecular receptor for local anesthetic-like
drugs includes amino acids of the S6 segments of domains I,
III, and IV that face the ion-conducting pore of voltage-gated
sodium channel a-subunits (Ragsdale et al., 1994; Nau et al.,
1999; Wang et al., 2000; Yarov-Yarovoy et al., 2001; 2002). It
was proposed that the two pharmacophore moieties of many
local anesthetics, constituted of an uncharged aromatic ring
and a charged tertiary amine, may bind to amino acid side
chains through hydrophobic and cation-7 interactions, re-
spectively (Ragsdale et al., 1994). Interestingly, clenbuterol
also presents a hydrophobic ring at one extreme and an
amine group at the other end (Table 1). The ring confers to
clenbuterol a lipophilicity comparable with that of mexil-
etine, as evidenced by the Log P value. Moreover, the pK, of
clenbuterol is very similar to that of mexiletine, and drug
molecules are mostly protonated at physiological pH. Thus,
molecular structure, physicochemical properties, and sodium
channel block feature of clenbuterol strongly suggest that the
drug binds to the sodium channel at the local anesthetic
receptor.

It has long been hypothesized that p-adrenoceptor antag-
onists may exert part of their antiarrhythmic action by block-
ing directly cardiac sodium channels. Indeed direct interac-
tion of B-adrenoceptor antagonists, including propranolol,
with sodium channels was proposed on the basis of ?Na™
uptake measure in rat brain membrane (Matthews and
Baker, 1982), cardiac action potential modulation (Ban et al.,
1985; Courtney, 1990), and 3H-batrachotoxin-A 20-a-benzo-
ate binding studies to rat cerebrocortical synaptosomes
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(Chidlow et al., 2000). The present study confirms inhibition
of I, by propranolol using patch clamp technique. As clen-
buterol, propranolol blocked human sodium channels in a
use-dependent manner and shifted negatively the voltage
dependence of channel availability (not shown). The ICj,
value for tonic block at a hp of —120 mV was similar to that

A

of clenbuterol, whereas use-dependent block was three-fold
more pronounced with the B-antagonist. The structure of
propranolol that includes a strongly lipophilic naphthalene
moiety and a protonated amine fulfills the general structural
requirements for sodium channel binding and block by local
anesthetic-like drugs, as described above for clenbuterol.

0 o y—
. _ 30 uM CL
CTRL M CLE
-804 K -804 ‘k
0 50 0 50
B 0 I oot 0 .
-~ CTRL - 3 P«M CLE Fig. 9. Effects of clenbuterol on action
potentials in rat skeletal muscle fi-
- _ bers. Action potentials were recorded
in rat muscle fibers using two-micro-
_ electrode current clamp method. A,
7 representative single action potentials
-80 T 80 elicited by threshold current in ab-
0 50 LI R A sence (CTRL) and presence of 30 uM
0 50 clenbuterol (CLE). B, representative
train of action potentials elicited by
110 ~ 6 - subthreshold current in absence
C o - (CTRL) and presence of 3 uM clen-
100 %* I buterol (CLE). C, amplitude of single
s 90 T 5 J action potential elicited as in A (left)
£ 1 4 and maximum number of spikes ob-
g 801 4 tained as in B (right), in the absence
2 704 g 4 or presence of 3, 30, and 300 uM clen-
B 1 a buterol, are reported as means =*
5 €0 1 @ ek S.E.M. from n fibers of N rats, indi-
5 50 ° 3 cated in parenthesis as (N/n). D, am-
-] _ 2 T plitude of single action potential elic-
§ 40 £ 2 ited as in A (left) and maximum
8 30 2?7 number of spikes obtained as in B
g * * (right), were measured in control con-
= 20 - 14 ditions (CTRL), in presence of 300 uM
2 nadolol (NADO), and then in presence
10+ '(3l26] /12y jaol [@s3) 326 vy i (a3 of 300 uM nadolol and 30 uM clen-
0 . ; . ; 4 0 ; ; . . — buterol (NADfO+CLIIE) 1zz‘md reported as
percentage of control. For comparison,
o 3 30 300 0 3 %0 300 effect of 30 wuM clenbuterol alone
[clenbuterol] (uM) [cienbuterol] (uM) (CLE) is also reported. Each bar is the
mean = S.E.M. from n fibers of N rats,
- 110 4 110 indicated as (IN/n). Statistical differ-
D g 100 J s 1 ences were assessed with unpaired
[ T * = 100"_ Student’s ¢ test (*, p < 0.001; ** p <
8 w0 S o ] 0.005).
- | s -
o * T s 1
= 80 8 80 -
< T - 1
g 70 - é 70
5 g
g o § 50
§ 40 Q°- 40 -
€ ot E
g 30 ~ 8 30 * *
e 2 E ] L _
g g 20 A s -
§ 10 + am} jam} fas| {am 10 am] ol laml [am
] T T T T { 0 T T T T J|
CTRL NADO NADO+CLE CLE CTRL NADO NADO+CLE CLE

300uM 300+30 30uM
uM

300uM  300+30 30uM
uM

/T0Z ‘0€ Jequueidas uo sfeulnor 134S Y e Buo'sjeulno ladse:w.eyd jow wio.y papeo jumoq


http://molpharm.aspetjournals.org/

Clenbuterol versus Salbutamol on Skeletal Muscle Na® Channels

In contrast to clenbuterol and propranolol, salbutamol and
nadolol had no effect on I,. From Table 1, it seems that the
two inactive compounds are characterized by the presence of
two hydroxyl groups on the aromatic moiety that render
them far less lipophilic compared with clenbuterol and pro-
pranolol. It can be hypothesized that the hydroxyl groups
may impede the hydrophobic interaction between the aro-
matic moiety and the local anesthetic receptor. Interestingly,
it should be noted that most of the B,-agonists present two
hydroxyl groups on their aromatic moieties, and that the
atypical clenbuterol may be the unique Bs-agonist able to
block sodium channels. On the other hand, nadolol is the
unique B-adrenoceptor antagonists with two hydroxyl groups
on the aromatic moiety, suggesting that sodium channel
blocking activity may be shared by many B-antagonists, as
suggested by previous studies (Matthews and Baker, 1982;
Ban et al., 1985; Courtney, 1990; Chidlow et al., 2000).

Consistent with its blocking action on sodium channels,
clenbuterol inhibited action potentials in skeletal muscle fi-
bers. This effect was use-dependent because 3 uM clen-
buterol drastically reduced the number of spikes without
affecting the amplitude of a single action potential. Clen-
buterol effect persisted in presence of the B-adrenoceptor
antagonist nadolol; thus, inhibition of action potential firing
most probably resulted from direct block of sodium channels
by the drug. Clenbuterol concentration can reach 1 to 2 ng/g
in skeletal muscles of rats treated with 1 mg/kg body weight/
day, which is the safe therapeutic clenbuterol dose in hu-
mans (Zeman et al., 2000; Von Deutsch et al., 2002). Such a
concentration is quite lower than that we used to block de-
polarized channels, but caution should be used in comparing
the results obtained in the heterologous system of expression
with clinical data. Interestingly, the K; value for clenbuterol
is near that measured under the same experimental condi-
tions for mexiletine (~7 uM; Desaphy et al., 2001) and fle-
cainide (~15 uM; J.-F. Desaphy and D. Conte Camerino,
unpublished observations), two drugs used with success in
myotonic patients. Thus, higher doses of clenbuterol may
affect tissue excitability; such an effect may occur especially
in conditions of hyperexcitability owing to use-dependent
block of sodium channels. Interestingly, such a mechanism of
action was recently proposed for the beneficial effect of clen-
buterol in various seizure models of experimental epilepsy
(Fischer et al., 2001). At the skeletal muscle level, sarcolem-
mal hyperexcitability leads to myotonia, a condition of mus-
cle stiffness shared by various genetic muscle diseases (Can-
non, 2001; Moxley, 2000; Meola, 2002). On the basis of our
results, it would be important to verify the therapeutic po-
tential of clenbuterol in the myotonic syndromes. In partic-
ular, because of the possibility of combining antimyotonic
activity with its well known anabolic action, clenbuterol
might be remarkably indicated in the treatment of myotonic
dystrophy, the most common hereditary disease of skeletal
muscle, characterized by muscle wasting together with per-
manent or fluctuans myotonia (Meola, 2002). On the other
hand, because sodium channel block may accentuate paral-
ysis, clenbuterol should not be administrated to patients with
HPP, whereas other B,-agonists, such as salbutamol, have
proven to be beneficial in those patients, most probably be-
cause By-adrenoceptor stimulation activates the Na,K-AT-
Pase and consequently hyperpolarizes the muscle fiber
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(Wang and Clausen, 1976; Clausen et al., 1993; Hanna et al.,
1998).

Acknowledgments

We thank Prof. Alfred L. George for providing the hSkM1 and CD8
plasmids, Prof. Giovanni Lentini for helpful discussion, and Luciano
Coropulis for technical assistance.

References

Ban T, Sada S, Takahashi Y, Sada H, and Fugita T (1985) Effects of para-substituted
beta-adrenoceptor blocking agents and methyl-substituted phenoxypropano-
lamine derivatives on maximum upstroke velocity of action potential in guinea pig
papillary muscles. Naunyn-Schmiedeberg’s Arch Pharmacol 329:77—85.

Bean BP, Cohen CJ, and Tsien RW (1983) Lidocaine block of cardiac sodium chan-
nels. J Gen Physiol 81:613—642.

Bendahhou S, Cummins TR, Potin JF, Tong J, and Agnew WS (1995) Serine-1321-
independent regulation of the ul adult skeletal muscle Na™ channel by protein
kinase C. Proc Natl Acad Sci USA 92:12003-12007.

Bowman WC and Nott MW (1969) Actions of sympathomimetic amines and their
antagonists on skeletal muscle. Pharmacol Rev 21:27-72.

Cannon SC (2001) Voltage-gated ion channelopathies of the nervous system. Clin
Neurosci Res 1:104-117.

Chidlow G, Melena J, and Osborne NN (2000) Betaxolol, a B;-adrenoceptor antago-
nist reduces Na™ influx into cortical synaptosomes by direct interaction with Na™*
channels: comparison with other B-adrenoceptor antagonists. Br J Pharmacol
130:759-766.

Choo JJ, Horan MA, Little RA, and Rothwell NJ (1992) Anabolic effects of clen-
buterol on skeletal muscle are mediated by Bs-adrenoceptor activation. Am J
Physiol 263:E50-E56.

Clausen T, Andersen S, and Flatman JA (1993) Na™-K" pump stimulation elicits
recovery of contractility in K*-paralysed rat muscle. J Physiol 472:521-536.

Courtney KR (1990) Sodium channel blockers: the size/solubility hypothesis revis-
ited. Mol Pharmacol 37:855—859.

Desaphy J-F, De Luca A, and Conte Camerino D (1998a) Blockade by cAMP of native
sodium channels of rat skeletal muscle fibers. Am J Physiol 275:C1465-C1472.
Desaphy J-F, De Luca A, Pierno S, Imbrici P, and Conte Camerino D (1998b) Partial
recovery of skeletal muscle sodium channel properties in aged rats chronically
treated with growth hormone or the GH-secretagogue hexarelin. J Pharmacol Exp

Ther 286:903-912.

Desaphy J-F, De Luca A, Tortorella P, De Vito D, George AL Jr, and Conte Camerino
D (2001) Gating of myotonic Na channel mutants defines the response to mexil-
etine and a potent derivative. Neurology 57:1849-1857.

Fischer W, Kittner H, Regenthal R, Malinowska B, and Schlicker E (2001) Anticon-
vulsant and sodium channel blocking activity of higher doses of clenbuterol.
Naunyn-Schmiedeberg’s Arch Pharmacol 363:182—-192.

Frazier DT, Narahashi T, and Yamada M (1970) The site of action and active form
of local anesthetics. Experiments with quaternary compounds.  Pharmacol Exp
Ther 171:45-51.

Hanna MG, Stewart J, Schapira AHV, Wood NW, Morgan-Hughes J, and Murray
NMF (1998) Salbutamol treatment in a patient with hyperkalemic periodic paral-
ysis due to a mutation in the skeletal muscle sodium channel gene (SCN4A).
o Neurol Neurosurg Psychiatry 65:248-250.

Hayes A and Williams DA (1998) Examining potential drug therapies for muscular
dystrophy utilizing the dy/dy mouse: I. Clenbuterol. J Neurol Sci 157:122—-128.
Herrera NM Jr, Zimmerman AN, Dykstra DS, and Thompson LV (2001) Clenbuterol
in the prevention of muscle atrophy: a study of hindlimb-unweighted rats. Arch

Phys Med Rehabil 82:930-934.

Hille B (2001) Ion Channels of Excitable Membranes. Sinauer Associates Inc., Sun-
derland, Massachusetts.

Hinkle RT, Hodge KMB, Cody DB, Sheldon RJ, Kobilka BK, and Isfort RJ (2002)
Skeletal muscle hypertrophy and anti-atrophy effects of clenbuterol are mediated
by the B2-adrenergic receptor. Muscle Nerve 25:729-734.

Kissel JT, McDermott MP, Mendell JR, King WM, Pandya S, Griggs RC, Tawil R and
the FSH-DY group (2001) Randomized, double-blind, placebo-controlled trial of
albuterol in fascioscapulohumeral dystrophy. Neurology 57:1434-1440.

Liggett SB, Shah SD, and Cryer PE (1988) Characterization of B-adrenergic recep-
tors of human skeletal muscle obtained by needle biopsy. Am J Physiol 254:E795—
E798.

Lu T, Lee H-C, Kabat JA, and Shibata EF (1999) Modulation of rat cardiac sodium
channel by the stimulatory G protein « subunit. J Physiol 518.2:371-384.

Maltin CA, Delday MI, Watson JS, Heys SD, Nevison IM, Ritchie IK, and Gibson PH
(1993) Clenbuterol, a B-adrenoreceptor agonist, increases relative muscle strength
in orthopedic patients. Clin Sci 84:651-654.

Matsuda JJ, Lee H, and Shibata EF (1992) Enhancement of rabbit cardiac sodium
channel by B-adrenergic stimulation. Circ Res 70:199-207.

Matthews JC and Baker JK (1982) Effect of propranolol and a number of its
analogues on sodium channels. Biochem Pharmacol 31:1681-1685.

Meola G (2002) Myotonic dystrophies. Curr Opin Neurol 13:519-525.

Moxley RT (2000) Channelopathies. Curr Treatment Opt Neurol 2:31-47.

Nau C, Wang S-Y, Strichartz GR, and Wang GK (1999) Point mutations at N434 in
D1-S6 of u1 Na™ channels modulate binding affinity and stereoselectivity of local
anesthetic enantiomers. Mol Pharmacol 56:404—413.

Ragsdale DS, McPhee JC, Scheuer TD, and Catterall WA (1994) Molecular determi-
nants of state-dependent block of Na™ channels by local anesthetics. Science (Wash
DC) 265:1724-1728.

Ragsdale DS, McPhee JC, Scheuer TD, and Catterall WA (1996) Common molecular

/T0Z ‘0€ Jequueidas uo sfeulnor 134S Y e Buo'sjeulno ladse:w.eyd jow wio.y papeo jumoq


http://molpharm.aspetjournals.org/

670 Desaphy et al.

determinants of local anesthetic, antiarrhythmic and anticonvulsant block of volt-
age-gated Na™ channels. Proc Natl Acad Sci USA 93:9270-9275.

Takahashi MP and Cannon SC (2001) Mexiletine block of disease-associated muta-
tions in S6 segments of the human skeletal muscle Na* channel. J Physiol
537:701-714.

Von Deutsch DA, Abukhalaf IK, Wineski LE, Roper RR, Aboul-Enein HY, Paulsen
DF, and Potter DE (2002) Distribution and muscle-sparing effects of clenbuterol in
hindlimb-suspended rats. Pharmacology 65:38—48.

Wang P and Clausen T (1976) Treatment of hyperkalemic periodic paralysis by
inhalation of salbutamol. Lancet 1:221.

Wang S-Y, Nau C, and Wang GK (2000) Residues in Na* channel D3-S6 segment
modulate both batrachotoxin and local anesthetic affinities. Biophys J 79:1379—
1387.

Yang YT and McElligott MA (1989) Multiple actions of B-adrenergic agonists on
skeletal muscle and adipose tissue. Biochem J 261:1-10.

Yarov-Yarovoy V, Brown J, Sharp EM, Clare JJ, Scheuer TD, and Catterall WA
(2001) Molecular determinants of voltage-dependent gating and binding of pore-
blocking drugs in transmembrane segment I1IS6 of the Na* channel a-subunit.
o Biol Chem 276:20-217.

Yarov-Yarovoy V, McPhee JC, Idsvoog D, Pate C, Scheuer T, and Catterall WA
(2002) Role of amino acid residues in transmembrane segments IS6 and IIS6 of the
Na™ channel « subunit in voltage-dependent gating and drug block. (July 18, 2002)
o Biol Chem 10.1074/jbc. M206126200.

Zeman RJ, Peng H, Danon MJ, and Etlinger JD (2000) Clenbuterol reduces degen-
eration of exercised or aged dystrophic (mdx) muscle. Muscle Nerve 23:521-528.

Address correspondence to: Diana Conte Camerino, Division of Pharma-
cology, Department of Pharmaco-Biology, University of Bari, via Orabona
4-campus, 70125 Bari, Italy. E-mail: conte@farmbiol.uniba.it

/T0Z ‘0€ Jequueidas uo sfeulnor 134S Y e Buo'sjeulno ladse:w.eyd jow wio.y papeo jumoq


http://molpharm.aspetjournals.org/

