British Journal of Pharmacology (2003) 139, 575-584

© 2003 Nature Publishing Group Al rights reserved 0007-1188/03 $25.00 @

www.nature.com/bjp

Growth hormone secretagogues modulate the electrical and
contractile properties of rat skeletal muscle through a
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1 Growth hormone secretagogues (GHS) exhibit potent growth hormone (GH)-releasing activity
through the activation of a pituitary receptor. Here, we consider the possibility that GHS can target a
specific receptor in rat skeletal muscle and have a role in the control of muscle function.

2 By means of the intracellular microelectrode technique, we found that in vitro application of
hexarelin and L-163,255 dose dependently reduced resting chloride (gCl) and potassium (gK)
conductances in rat skeletal muscle. These effects were prevented by the GHS-receptor antagonist [D-
Lys-3]-GHRP-6, and by either phospholipase C or protein kinase C (PKC) inhibitors. Ghrelin, a
natural ligand of GHS receptors, also induced a reduction of muscle gCl and gK, which was
antagonised by [D-Lys-3]-GHRP-6.

3 Both GHS shifted the mechanical threshold for the contraction of muscle fibres towards more
negative voltages. Accordingly, by means of FURA-2 fluorescent measurements, we demonstrated
that L-163,255 induced a resting [Ca>"]; increase, which was reversible and not blocked by nifedipine
or removal of external Ca*".

4 Ageing is a condition characterised by a deficit of GH secretion, which in turn modifies the
electrical and contractile properties of skeletal muscle. In contrast to GH, chronic treatment of aged
rats with hexarelin or L-163,255 failed to restore the electrical and contractile muscle properties.
Moreover, the two GHS applied in vitro were able to antagonise the beneficial effect on gCl and gK
obtained through chronic treatment of aged animals with GH.

5 Thus, skeletal muscle expresses a specific GHS receptor able to decrease gCl and gK through a
PKC-mediated intracellular pathway. This peripheral action may account for the lack of restoration

of skeletal muscle function in long-term GHS-treated aged animals.
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Introduction

Growth-hormone secretagogues (GHS) comprise synthetic
peptidic and nonpeptidic molecules, able to stimulate growth
hormone (GH) secretion in both animals and human subjects
(Ankersen et al., 1999; Miiller et al., 1999). Their neuroendo-
crine activity is mediated by a specific G-protein-coupled
receptor cloned from mammalian pituitary libraries (Howard
et al., 1996), and an endogenous ligand, named ghrelin, has
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been recently identified in rat stomach (Kojima ez al., 1999). It
has been shown that the stimulation of GH release by GHS
involves Ca’*- and phospholipid-dependent protein kinase
(PKC), as well as potassium and calcium channels (Smith et al.,
1997). Besides this stimulatory effect on GH secretion, it has
been demonstrated that long-term treatment of GH-deficient
and senescent rats with hexarelin protects the heart from
ischemia and reperfusion damage (De Gennaro Colonna et al.,
1997, Rossoni et al., 1998; Katugampola et al., 2001).
Surprisingly, this protective effect is independent of any
stimulation of the somatotropic axis (Locatelli et al., 1999),
suggesting a direct action of hexarelin on specific cardiac
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receptors. Accordingly, binding and functional studies re-
vealed the existence of cardiac receptors coupled to PKC-
mediated pathways (Bodart et al., 1999).

Binding sites for GHS have also been found in human
skeletal muscle, suggesting that specific receptors can mediate
biological activities in this tissue, likely through PKC
stimulation (Papotti et al., 2000). In rat skeletal muscle,
PKC activation induces the reduction of the resting membrane
chloride conductance (gCl), sustained by skeletal muscle
chloride (CIC-1) channels (Steinmeyer et al., 1991), which is
important in the control of resting potential, excitability and
contraction (Conte Camerino et al., 1989; De Luca et al.,
1994). Skeletal muscle is also a primary target of the action of
GH, as shown by a wide series of biophysical and biochemical
changes of ion channel function observed in aged rats, a
condition characterised by GH deficiency. An ageing-related
reduction of resting gCl is due to a down regulation of CIC-1
channel expression (Pierno et al., 1999), as well as due to a
concomitant overactivity of PKC that inhibits chloride
channels (De Luca et al., 1994). In aged animals, the activity
of K™ and Na™ channels is also modified (De Luca et al.,
1997; Tricarico et al., 1997; Desaphy et al., 1998a). Excita-
tion — contraction coupling, the mechanism that links mem-
brane depolarisation to calcium release and contraction, is also
changed since the mechanical threshold (MT) for contraction
is shifted in aged animals toward more negative voltages (De
Luca & Conte Camerino, 1992; Pierno et al., 1998). Chronic
administration of GH in aged animals significantly amelio-
rated the abnormally low gCl, the high potassium conductance
(gK) and the changes in sodium channel function, as well as
returned the excitability parameters toward adult values (De
Luca et al., 1997; Desaphy et al., 1998b). GHS have been
proposed for use in the treatment of elderly subjects because
they stimulate a physiologically pulsatile GH release, without
producing the adverse side effects because of continuous GH
administration (Casanueva & Dieguez, 1999; Smith et al.,
1999). Accordingly, previous studies reported a partial
recovery of Na* channel properties in aged rat skeletal muscle
after chronic hexarelin treatment (Desaphy et al., 1998b).

The goal of the present study was to evaluate whether GHS
can target a specific skeletal muscle receptor and exert a direct
effect on muscle function, as well as to evaluate the therapeutic
potential of these drugs. To achieve this aim, we tested the
effects produced by in vitro application of hexarelin and of L-
163,255, a nonpeptidic GHS (Chang et al., 1996), on the
electrical and contractile properties of rat sarcolemma. More-
over, the same parameters were measured in skeletal muscle
fibres obtained from GH-deficient, aged rats after in vivo
chronic treatment with the two GHS.

Methods

In vivo studies

Young adult (4 —6-month old) and aged (27 — 30-month old)
male Wistar rats (Charles River Laboratories, Calco, Italy)
were used in this study. Animals were maintained one per cage,
having free access to food and water, at a constant room
temperature (22-24°C) and exposed to a light cycle of
12hday™! (8.00a.m.-8.00p.m.). Different groups of aged
rats were randomly selected for in vivo treatments. Five aged

rats were treated with 80 ugkg™"' hexarelin s.c., 6 days a week
for 4 weeks (Cattaneo et al., 1997). Nine aged rats were treated
with 10mgkg™" 1-163,255s.c. 6 days a week for 8 weeks. Five
aged rats were administered 150 ugkg™' rat GH s.c., 6 days a
week for 8 weeks. Six control aged and five control young
adult rats received an equivalent volume of the vehicle (0.1 ml
of distilled water) s.c. as placebo. Aged rats exhibited normal
physical condition and motor activity during the treatment
period. However, five out of 30 aged animals used in this study
died before the end of the treatment for unknown sudden
causes (one untreated, one GH-treated, one hexarelin-treated
and two treated with L-163,255).

In vitro studies: electrophysiological measurements

The electrophysiological experiments were carried out in vitro
on extensor digitorum longus (EDL) muscles removed under
urethane anaesthesia (1.2gkg™", i.p.). Soon after dissection,
the rats, still anaesthetised, were euthanaised by anaesthetic
overdose. All experimental protocols were carried out in
accordance with the Guide for the care and use of laboratory
animals. Muscle preparations were immediately placed in a
muscle chamber containing a physiological solution main-
tained at 30°C. This temperature has been shown not to
modify either gCl or gK, when compared to the more
physiological temperature of 37°C (Palade & Barchi, 1977).

The gCl component recorded from EDL muscle fibres was
calculated from the membrane resistance (R,,) values measured
by standard cable analysis with the two intracellular micro-
electrode current-clamp method, in which a hyperpolarising
square wave current pulse is applied through one electrode and
the membrane voltage response is monitored at two distances
from the current-passing electrode. Current pulse generation,
acquisition of the voltage records and calculation of fibre
constants were performed under computer control as detailed
elsewhere (De Luca et al, 1997). The total membrane
conductance (gm) was 1/R, in the normal physiological
solution, whereas gK was 1/R, in chloride-free solution
(Conte Camerino et al., 1989). Data were expressed as
mean +s.e.m. from 7 fibres. The mean gCl was calculated as
the mean gm minus the mean gK, while the s.e.m. and the n
value for gCl were calculated from the variance and » value of
gm and gK, as described by Green & Margerison (1978).
Statistical differences between means was determined by
analysis of variance (ANOVA) for multiple comparisons and
by Student’s #-test for single comparisons (Tallarida &
Murray, 1987).

The MT of the fibres was determined using the two
microelectrode ‘point’ voltage-clamp method, in the presence
of 3 uM tetrodotoxin, as previously described (Dulhunty, 1988;
De Luca & Conte Camerino, 1992). The holding potential was
set at —90mV and depolarising current pulses of increasing
duration (5 — 500 ms) were given repetitively at a rate of 0.3 Hz,
while the impaled fibres were continuously viewed using a
stereomicroscope. For each pulse duration, the command
voltage was increased until contraction was just visible, and
then backed down until the contraction disappeared. A digital
sample-and-hold millivoltmeter stored the value of the thresh-
old membrane potential at this point. We estimated the
uncertainty of any single measurement for a given fibre to be
1-2mV. The length of time required to determine the MT for
each preparation was kept constant so as to exclude any effect
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that differences in the amount of citrate leaking from the
electrodes might have on the results (Dulhunty, 1988). The
threshold membrane potential ¥ (mV) for each fibre was
averaged at each pulse duration ¢ (ms) and then the mean
values plotted against duration giving a ‘strength —duration’
relation. An estimate of the rheobase (R) and of the time
constant to reach the rheobase was obtained by fitting the data
points to a nonlinear least-squares algorithm using the
equation V=[H—Rexp (t/7)]/[l—exp (t/7)], where H is
the holding potential (mV), R is the rheobase (mV) and 7 is
the time constant (De Luca & Conte Camerino, 1992). In
the fitting algorithm, each data point was weighed by the
reciprocal of the variance of that mean V. We used this
procedure in order to incorporate all data points and their
associated errors into the estimate of R under each set of
conditions. The MT values are expressed as the fitted rheobase
(R) parameter +standard error (s.e.), which was determined
from the variance — covariance matrix in the nonlinear least-
squares fitting algorithm. The statistical significance of the
fitted rheobase values and their differences from each other
were estimated by Student’s z-distribution using a number of
degrees of freedom equal to the total number of threshold
values determining the curves minus the number of means
minus two for the free parameters (De Luca & Conte
Camerino, 1992).

Fluorescence measurements of resting intracellular Ca®™*
ions

Fluorescence measurements were performed on EDL muscle
extracted from adult rats. The muscle was pinned at tendons
and small bundles of five to 10 fibres were dissected lengthwise,
tendon to tendon, and arranged in a single layer. The
dissection was carried out in normal physiological solution
at room temperature (22°C).

Fluorescent measurements were made using a QuantiCell
900 integrated imaging system (VisiTech International Ltd,
Sunderland, U.K.). The fura-2-acetoxymethyl ester (AM)
(Molecular Probes, U.S.A.) fluorescent dye was used to
measure cytosolic Ca?>*. The muscle fibres were loaded with
the dye by incubation for 45—-60min at 22°C in normal
physiological solution containing 2.5 uM fura-2-AM and 10%
(v/v) Pluronic F-127 (Molecular Probes). After the loading was
completed, the muscle fibres were washed and mounted in a
glass-bottomed RC-27NE experimental chamber (Warner
Instrument Corp., Hamden, U.S.A.) on the stage of an
inverted Eclipse TE300 microscope with an X40 Plan-Fluor
objective (Nikon, Japan). The sarcomere length of the fibres in
the field of view was adjusted to 2.5 um using a micromani-
pulator. During experiments, pairs of background-subtracted
images of the fura-2 fluorescence emission (510 nm) excited at
340 and 380nm were acquired. The equation (Grynkiewicz
et al., 1985) used to transform fluorescence ratio in Ca?"
concentration values was [Ca®"];=(R—Ruin)/(Rmax—R)Kpp,
where R is the ratio of fluorescence excited at 340 nm to that
excited at 380 nm; Kp = 145nM; f8, R, and R, are constants
according to Grynkiewicz et al. (1985) and were determined in
situ in ionomycin-permeabilised muscle fibres. Ry, and R
were determined in muscle fibres incubated in Ca®"-free
normal physiological solution containing 10 mM EGTA and in
normal physiological solution, respectively.

Solutions and drugs

The normal physiological solution had the following composi-
tion (mM): NaCl 148; KCI 4.5; CaCl, 2.0, MgCl, 1.0;
NaH,PO, 0.44; NaHCO; 12 and glucose 5.55. The chloride-
free solution was prepared by equimolar replacement of
methylsulphate salts for NaCl and KCI and nitrate salts for
CaCl, and MgCl,. Both solutions were continuously bubbled
with 95% O, and 5% CO, to maintain the pH at 7.2-7.3
(Bryant & Conte Camerino, 1991). GH (provided by the
National Hormone and Pituitary Program, NIDDK, N.I.H.,
Bethesda, MD, U.S.A.), hexarelin and L-163,255 (provided by
Merck Res. Lab., Rahway, NJ, U.S.A.) were used for in vivo
administration. For in vitro studies, hexarelin and L-163,255 as
well as des-GIn'*-Ghrelin (Tocris Cookson Ltd, Bristol, U.K.)
(Hosoda et al., 2000) and the GHS antagonist [D-Lys-3]-
GHRP-6 (Bachem AG, Bubendorf, Switzerland) were dis-
solved in normal or chloride-free physiological solutions.
Staurosporine and U73122 (Sigma Chemicals, St Louis,
U.S.A.) were dissolved in dimethylsulphoxide (DMSO).
Chelerythrine chloride (Sigma) was dissolved in distilled water.
These stock solutions were added to the normal physiological
and chloride-free solutions to achieve the desired final
concentration of each drug. The maximal concentration of
DMSO used (0.5%) was without effect on the parameters
studied (De Luca et al., 1994). EGTA and Nifedipine were
from Sigma (St Louis, U.S.A.).

Results

Effects of in vitro application of hexarelin and L-163,255
on CI~ and K" conductances of skeletal muscle fibres of
adult and aged rats

As shown in Figure 1, either hexarelin or L-163,255 applied in
vitro on EDL muscle fibres of adult rats produced a significant
and concentration-dependent reduction of both resting gCl
and gK. Interestingly, the GHS receptor antagonist, [D-Lys-3]-
GHRP-6, which by itself had no effect on gCl and gK
(Table 1), was able to antagonise the effect of 50 uM L-163,255
on the conductances (Figure 2). To determine what intracel-
lular components are involved in the GHS-induced reduction
of ionic conductances, different enzyme inhibitors were tested.
As previously reported, in vitro application of inhibitors of
PKC, staurosporine (1 uM) and chelerythrine (1 uM) did not
affect gCl and gK in the EDL muscle of young adult rats
(Table 1) (De Luca et al., 1994). However, these compounds
were able to prevent the decrease of both conductances
because of L-163,255 application (Figure 2). Similarly, the
reduction of gCl and gK because of 50 uM hexarelin was
antagonised by staurosporine since gCl was 2992+91 uS cm 2
(n=15) and gK was 325+48 uScm~2 (n= 14). The reduction
of both gCl and gK elicited by 50 uM L-163,255 was also
abolished by preincubation with 10 uM U73122, an inhibitor of
the phospholipase C (PLC) (Figure 2).

To verify whether the direct action of GHS on skeletal
muscle is preserved throughout the lifespan of these animals,
we tested the in vitro effects of GHS on EDL muscles dissected
from 27-month-old, aged rats. Consistent with previous studies
(De Luca et al., 1994; Pierno et al., 1999), gCl was reduced by
about 24% (2238+190uScm™>, n=9, P<0.005) in aged
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Figure 1 Effects of in vitro application of different concentrations
of hexarelin and L-163,255 on gCl (upper panel) and gK (lower
panel) of adult rat EDL muscle fibres. Each bar represents the mean
of gCl and gK (+s.e.m.) obtained from 10:30 fibres (two to three
rats). *Significantly different with respect to the control value
measured in the absence of drug (open bars) (P<0.05 or less).

animals as compared to the 4 — 6-month-old young adult rats
(2958 + 110 uScm 2, n=30). Yet, both GHS were still able to
reduce gCl in the aged animals, since this parameter was
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Figure 2 Antagonism of the L-163,255-induced decrease in gCl
(upper panel) and gK (lower panel) by [D-Lys-3]-GHRP-6 (GHS-
receptor antagonist), staurosporine and chelerythrine (PKC inhibi-
tors) and U73122 (PLC inhibitor) following in vitro application in
the EDL muscle fibres of adult rats. The bars show the mean values
of gCl and gK (+s.e.m.), from the number of fibres indicated within
brackets (two to four rats), recorded in the absence and in the
presence of L-163,255 (50 uM) alone and after the addition of L-
163,255 to muscle preparations previously incubated for 30 min to
1 h with [D-Lys-3]-GHRP-6 (100 uM), staurosporine (1 uM), cheler-
ythrine (1uM), or U73122 (10 um). *Significantly different with
respect to the value recorded in the absence of drug (P <0.05 or less).

significantly reduced to 1734+132uScm™ (n=9, P<0.05
versus control aged rats) after application of 100 uM hexarelin
and to 1759427 uScm™2 (n=38, P<0.05 versus control aged
rats) in the presence of 100 uM L-163,255. Moreover, both
compounds induced a more remarkable reduction of the high

Table 1 Effects of GHS receptor antagonist and of different inhibitors of PKC and PLC on resting conductances in extensor digitorum

longus muscle fibres of adult rats

Experimental condition Dose (uM) n
fibres
No drug 30
[D-Lys-3]-GHRP-6 100 14
Chelerythrine 1 9
Staurosporine 1 38
U73122 10 10

gClI (uS/cm?) n fibres gK (uS/cm?)
2958 +110 18 307+36
2870+85 14 292 +48
2905+71 17 288+ 13
3023+67 12 322+19
3355+122 10 274433

No significant difference was found between drug and no-drug conditions using Student’s z-test.
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gK typical of aged muscle fibres. Indeed gK was reduced from
475+47 uScm=2 (n=15) to 267+ 63 uScm 2 (n=13, P<0.02)
by 50 uM hexarelin and to 313+ 19 uScm ™2 (n=17, P<0.005)
by 50 uM L-163,255. As in young adult animals, the effects of
50 uM L-163,255 in aged rat muscles were completely prevented
by preincubation with 1 uM chelerythrine. Indeed, gCl and gK
were 22724295 (n=9) and 364+97uScm™2 (n=9) in the
presence of chelerythrine alone, and were 23544200 (n=12)
and 3504104 uScm™ (n=12) when L-163,255 was added to
the muscle bath.

Effects of in vitro application of ghrelin on CI~ and K*
conductances of skeletal muscle fibres of adult rats

We decided to test in vitro the effects of the natural ligand of
GHS receptor, namely ghrelin, on muscle resting conductances
to support the presence of a specific skeletal muscle receptor.
Ghrelin applied in vitro to EDL muscle fibres of adult rats dose
dependently reduced the total gm, because of a reduction of
both gCl and gK (Figure 3). In particular, in the presence of
1 uM ghrelin, the resting gCI and resting gK were significantly
reduced by 12+3.8 and 27+3.0%, respectively. Moreover,
prior incubation of EDL muscle with [D-Lys-3]-GHRP-6, the
GHS receptor antagonist, suppressed the reduction of gm
induced by 1 uM ghrelin (Figure 3).

Effects of in vitro application of hexarelin and L-163,255
on the MT for contraction and cytosolic calcium
concentration of skeletal muscle fibres of adult rats

The MT for contraction is an integrative index of excitation —
contraction coupling and allows the calculation of the
rheobase (R), that is, the minimum voltage able to elicit
contraction upon long-duration stimulation. Interestingly, the
in vitro application of both GHS compounds to adult muscle
fibres significantly shifted R towards more negative voltages
(Figure 4). Indeed, the measured R value was —65.2+0.3mV
(n=17) in the absence of drug and —67.3+0.3mV (n=10,
P<0.001) in the presence of 50 uM hexarelin. Also, L-163,255
tested at 50 and 100 uM, produced a negative shift of the R
voltage to —69.4+0.4 (n=17, P<0.001) and —70.3+0.45mV
(n=16, P<0.001), respectively.

In order to verify whether GHS-induced MT lowering was
related to a resting [Ca’'], modification, we used the
fluorescent calcium probe fura-2 (Figure 5). Application of
100 uM  1-163,255 significantly increased [Ca’']; from
34.1+3.3 to 51.4+5.0nM (P<0.005, 14 muscle fibres from
three rats). The GHS-induced calcium increase was charac-
terised by a slow, 5min long, rising phase reaching a plateau
that lasted at least 30 min under continuous drug application.
However, when the drug was removed, resting [Ca®>"]; rapidly
recovered to control value in approximately 1min. Interest-
ingly, the GHS-induced calcium increase was not altered by
nifedipine (25uM) or by withdrawal of Ca®>" from the
perfusion solution (Figure 5b).

Effects of in vivo chronic treatment with GH, hexarelin
and L[-163,255 on CI~ and K" conductances and on the
MT for contraction of muscle fibres of aged rats

As previously described (De Luca et al., 1997), the chronic
treatment of aged rats with GH was able to reverse the ageing-
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Figure 3 Effects of in vitro application of different concentrations
of ghrelin on gCl (a) and gK (b) of adult EDL rat muscle fibres.
Each point represents the mean +s.e.m. obtained from nine to 51
fibres of two to six rats. *Significantly different with respect to the
control value measured in the absence of drug (P<0.005). (c)
Antagonism by [D-Lys-3]-GHRP-6 (GHS-receptor antagonist)
(100 uM), of the decrease in total gm induced by in vitro application
of ghrelin (1 uM) in EDL muscle fibres. The bars show the absolute
values of gm (+s.e.m.) from nine to 11 fibres of two animals.
*Significantly different with respect to the value recorded in the
absence of drug (P<0.05).
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Figure 4 Strength — duration curves for the threshold potentials for
mechanical activation of EDL muscle fibres from untreated adult
rats before and after the in vitro application of 50 uM hexarelin (a)
and 50 or 100uM L-163,255 (b). Each point is the mean
value +s.e.m. of the threshold potential (in mV) recorded at each
pulse duration from six to 10 fibres. The curves fitting the
experimental points have been obtained using the equation described
in the ‘Methods section’. The rheobase (R, mV) obtained from the
fits are given in the ‘Results section’.

induced decrease in gCl observed in EDL muscle fibres. This
parameter was increased by 28 +4.3% (Figure 6) in prepara-
tions from GH-treated aged rats. Also, the resting gK, which
underwent a significant increase in aged animals, recovered
towards the adult value in response to GH treatment
(Figure 6). In contrast, chronic treatment with either hexarelin
or L-163,255 did not ameliorate the changes in either gCI nor
gK, which remained similar to the values recorded in the
preparations from untreated aged animals (Figure 6).

To verify whether the lack of GHS effect in vivo was related
to the direct action of these compounds on skeletal muscle
fibres, we applied in vitro hexarelin on EDL muscle fibres of
aged rats chronically treated with GH. We found that 100 um
hexarelin significantly decreased gCl and gK, from 2454 +128
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Figure 5 (a) Typical calcium increase induced by application of
100 uM 1-163,255 in an EDL muscle fibre (upper trace). Lower
traces are fluorescence signals emitted at 510 nm after excitation of
the preparation at 340 nm (fura-2 Ca?* -free form) and 380 nm (fura-
2 Ca**-bound form) (arbitrary units, for clarity 340 nm signal was
scaled by a factor 1.2). NP =normal physiological solution. (b) The
increase in cytosolic calcium induced by 100uM L-163,255 was
measured in NP as in (a), after removal of external calcium (zero
[Ca®*],), and in the presence of 25 uM nifedipine. The bars indicate
the mean+s.e.m. from » fibres and N animals indicated within
brackets as (n/N). Statistical analysis using ANOVA indicated no
significant difference between the three experimental conditions
(F=0.034, P>0.95).

(n=12) to 1826+107uScm=2 (n=16, P<0.005) and from
336+82 (n=12) to 226+35uScm™2 (n=16). Thus, it
appeared that the direct effects of GHS on skeletal muscle
conductances can oppose the favourable effect obtained
through GH treatment or the increased production of GH in
GHS-treated animals.

Finally, we investigated the effects of in vivo treatment with
GH and GHS on the MT for the contraction of skeletal muscle
fibres modified by ageing. In agreement with previous studies
(De Luca & Conte Camerino, 1992), the EDL muscle fibres
from aged animals needed significantly less depolarisation to
contract with respect to the young adults; in fact the rheobase
was shifted by 6mV towards more negative potentials
(Figure 7). The chronic treatment with GH produced a partial
but significant recovery of the MT. Indeed, at each pulse
duration, the threshold potential value was significantly
different with respect to that found in the age-matched
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untreated rats (Figure 7). Consequently, the calculated value = 454 g
of R was intermediate between the values measured in £ 50-
untreated adult and aged animals (Figure 7). % 55
Once again, the chronic administration of hexarelin as well % )
as L-163,255 were ineffective in the restoration of the MT £ -60 -
modified by the ageing process. Indeed, the threshold E -65 -
membrane potential values measured in muscle fibres of S 4
treated aged rats were similar to those found in the untreated =
aged animals, and consequently, the R value remained <75 1
unchanged (Figure 7). -80 - ¢ )

Discussion

This study shows for the first time that GHS directly affect
skeletal muscle function. We demonstrate that peptidic and
nonpeptidic GHS, as well as ghrelin, the endogenous ligand of
GHS receptor, applied in vitro to rat skeletal muscle produce a
concentration-dependent reduction of gCl and gK. This
reduction is totally suppressed by [D-Lys-3]-GHRP-6 (Kojima
et al., 1999), indicating the presence of a specific GHS receptor
in skeletal muscle. At the moment, we cannot say whether the

1 10 100 1000

Duration (ms)
Figure 7 Strength — duration curves for the threshold potentials for
mechanical activation of EDL muscle fibres from untreated adult
and aged rats and aged rats chronically treated with (a) GH, (b)
hexarelin (Hex) and (c) L-163,255. Each point is the mean
value +s.e.m. of the threshold potential (in mV) recorded at each
pulse duration from 10 to 52 fibres of four to seven animals. The
rheobase values (R, mV) obtained from the fitting procedure in each
experimental condition are as follows: untreated adult — 65.24+0.3;
untreated aged — 71.4+0.3%; GH-treated aged — 68.6+0.2° Hex-
treated aged — 70.74+0.2% L-163,255-treated aged — 71.2+0.3
Significantly different with respect to “untreated adult (P<0.001)
and to untreated aged rats (P<0.05 or less).
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GHS receptor of rat skeletal muscle is the same as that found
in the pituitary (GHS-R Ia) (Howard et al., 1996), or whether
it is a receptor subtype like that described in the heart (Bodart
et al., 1999), or perhaps one still to be identified (Muccioli
et al., 2002). Some authors have supposed that the GHS
binding sites found in human skeletal muscle are different from
the first one cloned in the pituitary because they showed lower
affinity for ghrelin and for some nonpeptidic GHS (Papotti
et al., 2000). Recent studies have shown expression of the
mRNA for ghrelin but not that of GHS-R Ia in human skeletal
muscle, suggesting a role for ghrelin in this tissue and its
possible interaction with a still unknown GHS-R subtype
(Gnanapavan et al., 2002).

The finding that the block of gCI and gK was prevented by
inhibitors of both PLC and PKC supports the involvement of
these enzymes in their response to GHS. This is in line with the
mechanism of action of GHS described in the pituitary (Smith
et al., 1997). The activity of GHS in the CNS is mediated by a
specific G-protein-coupled receptor whose stimulation gener-
ates GH release through a series of events, including IP;-
dependent release of Ca?* and activation of PKC (Bresson-
Bepoldin & Dufy-Barbe, 1994; Adams et al., 1995; Chen et al.,
1996). A similar mechanism may be responsible for GHS
action in rat skeletal muscle. Although we cannot completely
exclude that the PKC involved in muscle gCl modulation by
GHS was independent of calcium, we suggest that the binding
of GHS or ghrelin to the skeletal muscle receptor activates the
PLC signalling pathway, producing both IP; responsible for
the release of Ca®>" from intracellular stores, and DAG, which
together with the high cytosolic Ca?* induces persistent
stimulation of PKC, which in turn closes Cl~ channels and
reduces gCl. The increase of Ca®" release in this tissue is
confirmed by the observation that the GHS shifted the
rheobase towards more negative potentials, and by the direct
demonstration that L-163,255 increases resting [Ca®']; in
muscle fibres most probably through the release from IPs-
dependent stores, since this effect is insensitive to external
calcium removal and nifedipine. Moreover, we demonstrated
in a precedent study that in vitro application of the calcium
ionophore A23187 reduces muscle gCl in a manner redundant
to activators of PKC (De Luca et al., 1994). Our study also
shows that the block of gK by GHS in adult muscle is
mediated by PKC and probably involves the phosphorylation
of inwardly rectifying K* channels that contribute to gK, since
these channels are being inhibited by PKC in other tissues
(Stevens et al., 1999). Similar effects are elicited acutely by
GHS in the skeletal muscle of aged rats, suggesting that aged
muscle tissues are also sensitive to direct GHS action.

For therapeutic aims, such results prompted us to query if
during in vivo treatment with GHS, a direct modulation of
skeletal muscle function could interfere with the restorative
effects because of GH release. Here we find that GH chronic
treatment ameliorates the contractile function in aged skeletal
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