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Abstract

In disuse atrophied skeletal muscle, the staircase response is virtually
absent and light chain phosphorylation does not occur. The purpose of
the present study was to determine if staircase could be restored in
atrophied muscle with continued absence of myosin light chain phos-
phorylation, by reducing what appears to be an otherwise enhanced
calcium release. Control (untreated) and sham-operated female
Sprague-Dawley rats were compared with animals after 2 weeks of
complete inactivity induced by tetrodotoxin (TTX) application to the
left sciatic nerve. /n situ isometric contractile responses of rat gastroc-
nemius muscle were analyzed before and after administration of
dantrolene sodium (DS), a drug which is known to inhibit Ca?* release
in skeletal muscle. Twitch active force (AF) was attenuated by DS
from2.2+0.2N,2.7+0.1 Nand 2.4+ 02N t0 0.77+ 0.2 N, 1.05 +
0.INand 1.01 £0.2Nin TTX (N =5), sham (N = 11) and control (N
=7) muscles, respectively. Following dantrolene treatment, 10 s of 10-
Hz stimulation increased AF to 1.32+0.2N, 1.52+0.1 Nand 1.45 +
0.2 N for the TTX, sham and control groups, respectively, demonstrat-
ing a positive staircase response. Regulatory light chain (R-LC)
phosphorylation was lower for TTX-treated (5.5 + 5.5%) than for
control (26.1 + 5.3%) and sham (20.0 £ 5%) groups. There was no
significant change from resting levels for any of the groups after DS
treatment (P = 0.88). This study shows that treatment with dantrolene
permits staircase in atrophied muscle as well as control muscle, by a
mechanism which appears to be independent of R-LC phosphoryla-
tion.
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Introduction

Staircase potentiation is a progressive
enhancement of twitch active force in fast-
twitch mammalian skeletal muscle that oc-
curs during the early phase of repetitive low
frequency stimulation (1,2). This is a funda-
mental contractile property of muscle for
which a mechanism has not been fully eluci-
dated. Most evidence suggests that the mecha-
nism by which twitch potentiation occurs is

an increase in Ca®* sensitivity due to phos-
phorylation of the regulatory light chains of
myosin (R-LC). Studies with skinned fiber
preparations have shown that there is a left-
ward shift in the force-pCa?* relationship
when the R-LC are phosphorylated (3,4).
The staircase response is greatly attenu-
ated in rat fast-twitch skeletal muscle that
has been atrophied by disuse induced by
chronic tetrodotoxin (TTX) application to
the sciatic nerve (5-7). In this model of dis-
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use atrophy, TTX is delivered continuously
to the sciatic nerve for a period of two weeks.
Since TTX is a sodium channel blocker, all
nerve action potential propagation is stopped,
and the affected muscles are completely qui-
escent during the period of application (6). It
has also been shown that R-L.C phosphoryla-
tion is significantly lower in TTX-disuse
atrophied muscle after 10 s of 10-Hz repeti-
tive stimulation in comparison with control
or sham-treated muscles (8), suggesting that
the direct relation between R-LC phospho-
rylation and staircase response is maintained
in this model.

Muscle atrophy is also associated with an
increase in the volume fraction of the sarco-
plasmic reticulum (9), and the radial diffu-
sion distances for Ca?* within each myofibril
must be shorter in atrophied muscle than in
untreated muscle. These morphological
changes would be expected to alter the Ca?"
concentration and distribution in the sarco-
plasm (10-12), changing the contractile re-
sponses of atrophied muscle. These changes
include a higher twitch:tetanus ratio (6) and
a higher twitch:double-pulse contraction ra-
tio in atrophied muscle when compared to
non-atrophied muscle (5). A double-pulse
contraction represents a very brief tetanic
contraction and the twitch:double-pulse ra-
tio reflects very well the same properties as
the twitch:tetanic ratio without the risk of
incurring fatigue due to excessive stimula-
tion. Activation of the contractile proteins
appears to be more complete with a single
pulse in atrophied muscle than in non-atro-
phied muscle. This limits the range over
which potentiation mechanisms can effec-
tively contribute to enhancement of the twitch
response.

In a previous paper (13) we have shown
that staircase could be restored under condi-
tions which limit the initial release of Ca?*
from the sarcoplasmic reticulum, thereby
decreasing the twitch:tetanus ratio. That was
accomplished by using dantrolene sodium, a
specific inhibitor of sarcoplasmic reticulum
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Ca?" release (14-16). The purpose of this
study was to investigate if staircase potentia-
tion could be restored in atrophied muscle
after dantrolene treatment without concomi-
tant increases in R-LC phosphorylation. This
would imply that factors other than R-LC
phosphorylation are involved in twitch po-
tentiation in skeletal muscle.

Material and Methods

Female Sprague-Dawley rats weighing
approximately 200 g were used for this study.
Rats were housed in a room with a 12-h
light-dark cycle, and standard rat chow and
water were provided ad libitum. Care and
treatment of these animals were consistent
with the policies of the Canadian Council on
Animal Care and were approved by a com-
mittee for the ethical use of animals for
research.

Rats were randomly assigned to one of
three groups: 1) a control group (no chronic
treatment) (N = 7), 2) a TTX-treated group
(N=7)and 3) a sham-treated group (N = 14).
Some animals originally from the TTX- and
sham-treated groups were excluded from the
study, following analysis of the twitch:
double-pulse contraction ratio values. These
exclusions were made due to apparent nerve
damage in 3 of the 14 sham-treated animals
and apparent failure of TTX delivery in 2 of
the 7 animals in that group. Based on previ-
ous reports of change in the twitch:double-
pulse contraction ratio (5), a twitch:double-
pulse contraction ratio higher than 0.57 was
accepted for TTX-treated animals, and a
value lower than 0.57 was accepted for the
sham-treated animals. Assurance that the
remaining TTX-treated animals did not suf-
fer nerve damage was evident in the recov-
ery of nerve function following removal of
the osmotic pump (see below).

Animals in the TTX-treated group had an
osmotic pump (Alzet mini-osmotic pump,
model 2002) implanted subcutaneously on
the back while under pentobarbital sodium
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(50 mg/kg) anesthesia. A polyethylene tube
was used to connect the osmotic pump to a
silastic cuff placed around the left sciatic
nerve. The osmotic pump was loaded with
TTX (300-350 mg/ml) in sterile physiologi-
cal saline containing 10,000 units of penicil-
lin and 10 mg of streptomycin/ml, and the
delivery tube was primed with the same
solution. After the surgery, incisions were
sutured and each animal was returned to the
cage and to initial conditions (free access to
rat chow and water) for the next two weeks.
Animals in the sham-treated group under-
went the same surgical procedures as the
animals in the TTX-treated group, but the
osmotic pump and connecting tube were
loaded only with sterile saline containing
penicillin and streptomycin.

Fourteen days after the surgical implant,
the osmotic pumps were removed, and 48 h
later contractile characteristics were assessed.
At this time, the rats in the TTX-treated group
were expected to show a reversal of the acute
effects of TTX treatment, permitting indirect
activation of the gastrocnemius muscle.

Muscle preparation

Rats were deeply anesthetized with pen-
tobarbital sodium (50 mg/kg ip) or ketamine-
xylazine (1 ml/kg; ketamine 100 mg/ml,
xylazine 100 mg/ml, mixed 85:15 im). A
deep level of anesthesia was maintained
throughout the procedures with supplemen-
tal injections when needed. Once a suitable
level of anesthesia had been obtained, a
cannula (PE60) was placed into a common
jugular vein. This cannula was used for ad-
ministration of dantrolene sodium or propy-
lene glycol. Dantrolene sodium was pre-
pared for injection by dissolving in propy-
lene glycol (40 mg/ml).

The left hindlimb was shaved on the
caudal surface and an incision was made
through the skin and superficial fascia from
the calcaneus to the dorsal midline. The
superficial muscles of the hindlimb were cut

to expose the triceps surae, and the gastroc-
nemius muscle was cleared of connective
tissue. Insertions of the soleus and plantaris
muscles were detached from the Achilles
tendon and were partly separated from the
gastrocnemius muscle, and the calcaneus
was cut. At this time, the plantaris muscle
was frozen for subsequent biochemical analy-
sis. The Achilles tendon was connected to an
isometric force transducer (Grass Instruments
FT10 with black/blue springs) with an
inextensible wire. The hindlimb was immo-
bilized with two pins: one placed perpen-
dicularly into the femur and the other axially
into the severed tibia. The sciatic nerve was
isolated from adjacent connective tissue and
severed close to the spine. The distal stump
of the cut sciatic nerve was placed across a
pair of stainless steel wire electrodes for
indirect stimulation of the gastrocnemius
muscle. The loosened skin from the hindlimb
was stretched and anchored to form a pocket
for warmed mineral oil. Rectal and mineral
oil temperatures were monitored and regu-
lated at approximately 37°C throughout the
experiment using radiant heat.

Experimental procedures

Stimulation was with supramaximal (1-
10 V) square pulses, 50 pus in duration (Grass
Model S88). After testing contractions at a
variety of lengths using paired pulses with a
5-ms delay, the muscle was set at the length
which gave the strongest paired-pulse con-
traction (optimal length). In each experi-
ment, there were three periods of assessment
of the contractile response: i) control, ii)
after vehicle injection, and iii) after dantro-
lene injection. Each period of contractile
assessment included four twitch contractions
at 20-s intervals, a paired pulse contraction
(5-ms delay) and a sequence of repetitive
stimulation (10 Hz for 10 s). The twitch
contractions were elicited to ensure consist-
ent twitch active force in the gastrocnemius
muscle. The paired pulse contraction was
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elicited to measure the twitch:double-pulse
contraction ratio, and the repetitive stimula-
tion was used to determine the extent and
time-course of staircase. The muscle was
allowed to rest for 5 min after the 10-Hz
stimulation before subsequent treatment. This
rest interval was intended to prevent fatigue.
Propylene glycol (vehicle alone) was admin-
istered intravenously 6 min before the sec-
ond sequence of repetitive stimulation, and
dantrolene sodium was administered before
the third sequence of repetitive stimulation.
The volume of dantrolene solution injected
was approximately 0.3 ml/kg, which was
sufficient to reduce twitch active force to
less than 50% of the pretreatment active
force. After injections of propylene glycol or
dantrolene, four twitch contractions at regu-
lar intervals and a paired pulse contraction
were elicited as described above. These con-
tractions permitted the assessment of the
influence of propylene glycol and dantrolene
sodium on the twitch and double-pulse con-
tractions. The repetitive stimulation proto-
col (10 Hz for 10 s) was then performed,
following the same procedures as the first
time. As quickly as possible after the last
repetitive stimulation protocol, the gastroc-
nemius muscle was frozen for subsequent
biochemical analysis.

The tension responses were monitored
throughout the experimental procedures, and
contractions were sampled by computer at
intervals during the stimulation at the follow-
ingtimes: during the control period (frequency
= 0.05 Hz), and during the repetitive stimula-
tion sequences at 0, 5 and 10 s of 10-Hz
stimulation. The digitized (4000-Hz sampling
frequency) contractions were analyzed by com-
puter to determine the active force (AF) of the
twitches. AF was measured as the difference
in tension between the baseline (initial ten-
sion) and the peak of the contraction.

Myosin light chain phosphorylation

The frozen muscle samples were ana-
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lyzed to determine the proportion of phos-
phorylated R-LC. Besides the gastrocnemius
muscle, some samples of the plantaris muscle
were analyzed to assess resting values for R-
LC phosphorylation, since this muscle was
expected to undergo the same effects of TTX
treatment as the gastrocnemius muscle. Also,
this muscle is composed primarily of fast
twitch fibers, like the gastrocnemius muscle,
and therefore comparisons between these
muscles are justified. The procedure used
for analysis of R-LC phosphorylation was as
described previously (8,17-19). The muscle
was homogenized and centrifuged, and the
supernatant was subjected to pyrophosphate
polyacrylamide gel electrophoresis to iso-
late the myosin. The band representing myo-
sin was identified with Coomassie blue stain,
cut from the gel, denatured and subjected to
isoelectric focusing over a pH range of 4.5 to
6. Gels from isoelectric focusing were fixed,
silver stained and then scanned for quantifi-
cation using an LKB 2202 Ultroscan laser
densitometer.

Statistical analysis

For every experimental condition (no
treatment, propylene glycol and dantrolene
sodium) the groups (TTX-treated, sham-
treated and control) were analyzed for AF. A
two-way analysis of variance (groups, treat-
ment) with repeated measures (treatment)
was used. To evaluate changes in the
twitch:double-pulse contraction ratio for each
group (control, sham-treated and TTX-
treated), a one-way analysis of variance with
repeated measures was used. To detect if the
twitch:double-pulse contraction ratio was
different in the TTX-treated group after
dantrolene sodium treatment from the sham-
treated and control groups in normal condi-
tions (no treatment), a one-way analysis of
variance was used. A two-way analysis of
variance without replication was performed
to detect interactions and/or differences in
R-LC phosphorylation levels among the three
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groups (TTX-treated, sham-treated and con-
trol) following dantrolene sodium adminis-
tration and between the two different condi-
tions (resting condition, i.e., plantaris, and
post-stimulation condition, i.e., gastrocne-
mius muscle). Multiple comparisons were
done with the Newman-Keuls test. A signif-
icance level of P<0.05 was used for detect-
ing significant differences. Recognizing that
the design of this study predicts “no signifi-
cant difference” as an important observation
(anticipating no change in R-LC phosphory-
lation in atrophied and dantrolene-treated
atrophied muscle, or alternatively, no change
in active force during 10-Hz stimulation), a
P value >0.2 was used in these cases to avoid
a type Il error.

Results
Single twitch contraction

To determine the effects of propylene
glycol and dantrolene sodium on the AF of
the twitch, single twitch contractions were
analyzed prior to any treatment and after the
two injections. The results revealed no sig-
nificant group:condition interaction (P =
0.67). Also, there were no significant group
effects (P = 0.21). Dantrolene sodium sig-
nificantly (P<0.001) reduced AF in all groups
(see Figure 1).

Twitch:double-pulse contraction ratio

The twitch:double-pulse contraction ra-
tio gives an indication of the level of activa-
tion achieved with the first stimulus, relative
to the level achieved with two (high fre-
quency) pulses of activation (i.e., a very
brief tetanic contraction). When the twitch:
double-pulse contraction ratio is less than
0.5 it indicates that the second stimulation of
a paired pulse stimulation elicited more ten-
sion development than the first pulse of the
pair. In Table 1 it can be seen that the
twitch:double-pulse ratio was less than 0.5

in all cases except the TTX-treated muscles
prior to dantrolene treatment. A one-way
analysis of variance within each group re-
vealed that propylene glycol had no effect on
this ratio, but dantrolene sodium treatment
reduced the twitch:double-pulse contraction
ratio in all groups (P<0.005). The intent of
the dantrolene treatment was to permit a
relatively normal contractile response in oth-
erwise atrophied muscle. The twitch:double-
pulse contraction ratio in the TTX-group
after dantrolene treatment was similar to that
expected in a non-atrophied muscle. In fact,
in the TTX-group, the reduction in the ratio
gave a value which was significantly smaller
(P = 0.003) than this ratio in sham-treated
and control groups prior to any treatment. A
smaller dose of dantrolene may have re-
sulted in a twitch:tetanus ratio not different
from the control ratio.

4 =
1 Control
[ Sham
B TTX
Z31
g _ q
= T . 1]
=
I
5 27
Q
o
o
g * *
01+ *
0 T T T
1 2 3

Treatment condition

Table 1 - Twitch:double-pulse contraction ratio.

125

Figure 1 - Active force of twitch
contractions in different condi-
tions during the experiment. In
this case, conditions are: 1) no
treatment, 2) after propylene gly-
col treatment and 3) after dan-
trolene sodium treatment. Val-
ues are reported as means +
SEM (vertical bars). Asterisks
show that condition 3 for each
group is significantly different
from conditions 1 and 2 within
the corresponding group
(P<0.001). TTX, Tetrodotoxin.

Values are reported as mean + SEM. *Significantly different from
the other conditions, within a group (P<0.05). TTx, Tetrodotoxin.

Twitch:double-pulse contraction ratio

Control Sham-treated  TTX-treated
No treatment 0.47 £ 0.02 0.46 =+ 0.01 0.67 = 0.03
Propylene glycol 0.47 £ 0.02 045 +0.01 0.64 £ 0.03
Dantrolene sodium 0.39 + 0.04* 0.38 + 0.01* 0.42 + 0.06*
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Figure 2 - Active force vs time
for 10 s of repetitive stimulation
at 10 Hz, after administration of
propylene glycol (A) and dantro-
lene sodium (B). Values are re-
ported as means + SEM (vertical
bars). Asterisks at a given time
depict a significant difference
(P<0.05) between groups at that
time. See text for significant
changes within each group. TTX,
Tetrodotoxin.
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Active force during repetitive stimulation

As expected (2), 10 s of repetitive stimu-
lation at 10 Hz resulted in a progressive
staircase response in the non-atrophied
muscles before and after (Figure 2A) injec-
tion of propylene glycol. A significant group
by condition interaction was observed
(P<0.005) for active force. In the control and
sham-treated groups, the values for AF at 5 s
and 10 s were significantly higher than they
were with the first pulse of stimulation (0 s).
Figure 2A shows that, in contrast to the other
groups, AF in the TTX-treated group did not
change significantly from the value for the
first contraction during the repetitive stimu-
lation. The values for AF were significantly
different between the TTX-treated group and
the other groups at 5 s and 10 s (Figure 2A).
However, after administration of dantrolene
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sodium, there was no group by time interac-
tion (P = 0.62) and no significant group
effect (P = 0.64). AF increased significantly
above the value for the first contraction at 5
s and 10 s in all groups, in a clear positive
staircase response to repetitive stimulation
(see Figure 2B).

Myosin light chain phosphorylation

Myosin R-LC phosphorylation was mea-
sured in resting plantaris muscle without
dantrolene treatment, and in gastrocnemius
muscles after dantrolene treatment plus 10 s
of 10-Hz repetitive stimulation (see Table
2). Two way analysis of variance showed no
significant group (control, TTX-treated and
sham-treated) by condition (resting and post-
stimulation) interaction (P = 0.88). There
was a significant group effect (P = 0.04) and
no significant condition effect (P = 0.88).
The lack of a condition effect reveals that
stimulation at 10 Hz for 10 s did not result in
significant elevation of R-LC phosphoryla-
tion above the resting value. The bottom line
of Table 2 (combined values) presents the
mean values for each group, regardless of
condition (resting and stimulated), illustrat-
ing the significant group effect.

Discussion

In this study, it has been confirmed that
staircase is absent in atrophied fast-twitch
rat skeletal muscle. There are two novel
observations reported in this study: 1) dan-
trolene treatment in atrophied muscle re-
sulted in restoration of the staircase response
without concomitant R-LC phosphorylation;
2) non-atrophied muscle also demonstrated
a staircase response without corresponding
R-LC phosphorylation after dantrolene treat-
ment. These observations support the hy-
pothesis that factors other than R-LC phos-
phorylation can contribute to staircase po-
tentiation.

All results found in the sham-treated ani-
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mals in this study were similar to those found
for the control animals. Therefore, any dif-
ference found between the TTX-treated group
and the other groups is due to the TTX-
induced atrophy and not to the surgical pro-
cedures.

The control and sham-treated groups pre-
sented a positive staircase response to 10 s of
10-Hz stimulation prior to any injection. It is
known that the staircase response is ob-
tained by an increased intensity of activa-
tion, nota prolongation of activation (14,20).
In the control and sham animals prior to
dantrolene treatment, R-L.C phosphorylation
probably plays an important role in the stair-
case response. Others have reported an in-
crease in phosphorylation of R-LC to 0.6
mol/mol R-LC after 10 s of 10-Hz stimula-
tion in association with a 75% increase in
twitch active force (17,21). The observa-
tions reported in this paper do not detract
from the perceived importance of R-LC phos-
phorylation in effecting a staircase response
(21,22) under normal conditions.

The absence of potentiation in the TTX-
treated animals before treatment with
dantrolene sodium that has been reported
previously (5-7) was confirmed in this study.
This absence of potentiation is associated
with an absence of R-LC phosphorylation
(8), apparently confirming the importance of
this process for twitch potentiation. It should
be noted, however, that it is also possible
that potentiation, which might otherwise have
been seen in the atrophied muscles, was
masked by early fatigue in these muscles.
This would be very difficult to ascertain.

There is another factor that may affect
the observation of potentiation in atrophied
muscle. There is a high twitch:tetanus ratio
(6) in these muscles, and the high twitch:
double-pulse contraction ratio observed in
our results and reported previously in the
literature (5) confirms that there is a high
relative level of activation which is appar-
ently achieved with a single pulse of activa-
tion in atrophied muscle. This enhanced level
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Table 2 - Myosin regulatory light chain phosphorylation.

aUnits are: mol of phosphate per mol of R-LC (means + SEM);
byalues presented for the plantaris muscle represent resting values;
Cvalues presented for the gastrocnemius muscle represent
poststimulated condition; 9numbers in parentheses represent num-
ber of samples for that condition. *Significant group effect (P =
0.04), i.e., R-LC phosphorylation of TTX-treated muscles is lower
than control or sham-treated muscles regardless of history of stimu-

lation. TTx, Tetrodotoxin.

Myosin regulatory light chain phosphorylation®

Control Sham-treated

TTX-treated

PlantarisP 26.8 + 2.8 (3)d
Gastrocnemius® 25.3 + 6.0 (7)
Combined 26.1 + 5.3 (10)

20.6 + 1.9 (3)
19.4 + 4.1 (10)
20.0 + 5.0 (13)

of activation may decrease the opportunity
for potentiation. This is consistent with the
lack of staircase in atrophied muscle. Also,
this could explain why a staircase response
was observed after administration of dantro-
lene sodium in these muscles. Dantrolene
would be expected to decrease the level of
activation per stimulating pulse, and this
would increase the available change in ac-
tive force which can occur, and would per-
haps also decrease the impact of fatigue in
these muscles, which may otherwise be su-
perimposed on a potentiation response.
However, for staircase to occur in these atro-
phied muscles, it would have to be by some
mechanism other than R-LC phosphoryla-
tion, since there is no change in the level of
phosphorylation from the apparent resting
condition (see Table 2).

The resting values for R-LC phosphory-
lation are somewhat high in comparison to
other published values (17), but not beyond
the range reported in the literature (22). R-
LC phosphorylation levels in the control and
sham-treated groups after 10 s of 10-Hz
stimulation were considerably less than what
would be expected after this stimulation.
This is not due to methodological concerns,
since our laboratory has consistently ob-
served values of R-LC phosphorylation of

2.8 + 2.8(3)
8.2 + 3.8(5)
5.5 + 5.5* (8)
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about 50% in stimulated muscle not treated
with dantrolene (8,19).

It has been previously reported that a
greater R-LC phosphorylation level would
be expected in non-atrophied muscles (not
treated with dantrolene), i.e., 60% after 10 s
of stimulation (21). Presumably the decreased
levels of R-LC phosphorylation reported in
the current study are due to attenuated Ca?"
release because of dantrolene treatment. A
decreased level of Ca’* liberated from the
sarcoplasmic reticulum would be anticipated
to reduce the quantity of the Ca?*-calmodu-
lin complex available to bind with and acti-
vate myosin light chain kinase (MLCK). Simi-
larly, activation of MLCK in the control and
sham-treated muscles would also be reduced
or prevented, resulting in no increase in phos-
phorylation of R-LC during the repetitive
stimulation. Since staircase potentiation was
observed in the three groups after dantrolene
treatment, it would appear that under this
condition (attenuated Ca?" release) staircase
potentiation is independent of R-LC phos-
phorylation. This is not unlike the situation
in fatigued muscle, which undergoes sub-
stantial potentiation during 10-Hz stimula-
tion with very little R-LC phosphorylation
21n).

The principal assumption in this paper is
that dantrolene acts on the muscle by inhibi-
tion of Ca?" release, and this mechanism of
action has been confirmed (23). There are
several studies which confirm this action of
dantrolene and exclude other potential ef-
fects. It is known that this drug does not
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affect motor nerve function, neuromuscular
transmission or muscle membrane function
(24,25). The reduced twitch amplitude and
the absence of R-LC phosphorylation in the
control muscles are further evidence that
dantrolene effectively reduced Ca?" release
in these muscles. However, since Ca?" con-
centrations were not measured in this study,
this action of dantrolene cannot be directly
confirmed.

The main purpose of this study was to
investigate the contractile responses of atro-
phied muscle after administration of dantro-
lene sodium, to determine if a staircase re-
sponse could be attained in the apparent
absence of R-LC phosphorylation. Regard-
less of the actual mechanism by which dan-
trolene effected a reduction in twitch active
force, the observation of a staircase response
in these muscles as well as the control and
sham-treated muscles without a concomi-
tant increase in R-LC phosphorylation dem-
onstrates that factors other than R-LC phos-
phorylation can contribute to a staircase re-
sponse. This is a novel observation, which
will undoubtedly trigger additional research
in an effort to gain a better understanding of
this fundamental contractile property of skel-
etal muscle.
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