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SUMMARY

SHARMA, V. K. & BANERJEE, S. P. (1978) Denervation of cat fast- and slow-skeletal

muscles: Effect on ouabain binding, Mol. Pharmacol., 14, 1204-1211.

The specific binding of [3H]ouabaim in microsomal suspensions obtained from slow-

contracting soleus and fast-contracting tibialis anterior is approximately 200% and 10%,
respectively, of that seen in the microsomes of the mixed type gastrocnemius muscle.
Chemical sympathectomy decreased specific binding of [3H]ouabain by 90% in the soleus

and 33% in the tibialis anterior muscle microsomes. Scatchard analysis revealed that the
fall in specific binding of [3H]ouabain in muscles obtained from sympathectomized cats
was due to a marked decrease in the density of ouabain binding sites. The equilibrium
dissociation constants decreased in all three types of muscles after administration of 6-
hydroxydopamine. Ablation of the motor nerve, which involves surgical sympathectomy,
increased specific binding of [3H]ouabaim by 20 to 40% in soleus and gastrocmemius muscle

microsomal preparations. Kinetic analysis by reciprocal plots suggested that the enhance-
memt of ouabain binding after demervation is due to changes in the total number of
binding sites, and not the affinity constant. Since ouabain selectively binds to (Na” +

Ki-ATPase, these observations provide support for the hypothesis that the motor nerve
may be involved in the regulation of the number of (Na� + K’�’)-ATPase molecules in
skeletal muscles. Am increase in ouabaim binding and (Na� + K�)-ATPase activity
following ablation of the motor nerve would suggest that the fall in resting membrane
potential of denervated skeletal muscle may not be due to decrease in (Na” + K’�)-
ATPase activity.

INTRODUCTION

Excitable cells, whether muscle or nerve,
undergo dramatic changes in response to
demervatiom (1, 2). Perhaps the most strik-
ing of these changes in mammalian skeletal
muscle are a supersemsitivity to acetyicho-
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line (3), a decrease of end-plate cholinester-

ase activity (4) and development of spon-
tameous fibrillation (5, 6). An examination

of events underlying the initiation of spon-
tameous action potentials or fibrillation in
fibers of previously denervated rat dia-
phragm, maintained in organ culture for up
to 10 days, revealed existence of two classes
of spontaneously active fibers (7, 8). These
are either rhythmically discharging fibers
(9, 10) or fibers in which the action potem-

tial occurs at irregular intervals (7, 8). The
discrete depolarizations found at sites of
origin of action potentials in irregularly dis-

1204



OUABAIN BINDING IN SKELETAL MUSCLE 1205

charging fibers are of nearly constant am-
plitude outside of a refractory period, are
reversibly abolished by tetrodotoxin or by

removal of most of the Na� from the bath-
ing fluid, and are insensitive to curare.

These results have led to the suggestion
that the spontaneous discrete depolariza-
tiom that gives rise to fibrillation potentials
in denervated muscle results from regemer-
ative Na� conductance increases within the
transverse tubular system of the muscle
fibers (8).

Recently, Smith and Thesleff (1 1) ex-
amined the mechanism underlying the
spontaneous discrete depolarizations that
trigger action potential in chronically de-
nervated skeletal muscle. The spontaneous
activity may be enhanced by lowering the
external Ca� concentrations or by the ad-
ditiom of catecholamines. Ouabaim or
free solutions or tetrodotoxin block spom-
taneous activity. These results led Smith
and Thesleff (11) to suggest that sponta-
meous action potentials in demervated mus-
cle result from regenerative Na” conduct-
ance increases within the transverse tubu-
lar system of the muscle fibers, and cate-
cholamines and ouabain could affect this
activity either directly, through an action
on membrane excitability, or indirectly via
the (Na’� + K�)-ATPase.

In this investigation an attempt has been
made to determine if the motor nerve is
involved in the regulation of the number of

(Na� + K�)-ATPase molecules in fast-con-
tracting and slow-contracting skeletal mus-
des. The method was measurement of the

specific binding of [3H]ouabain, a highly
specific inhibitor of (Na” + Ki-ATPase
(12). The observations in this study were

consistent with the idea that the motor
nerve is involved in the regulation of (Na�

+ Ki-ATPase present in the microsomal
fraction of skeletal muscles. Preliminary re-
ports of this work have already appeared

(13, 14).

MATERIALS AND METHODS

Adult male cats, weighing 2.5 to 3.5 kg,
were divided into two groups. In the first

group, sympathetic nerve endings were ef-
fectively destroyed with intravenous injec-
tions of 6-hydroxydopamine hydrobromide,

two doses of 20 mg/kg on the first day and
two doses of 50 mg/kg one week later, as
described by Thoemen and Tranzer (15).
The second group, which served as the con-
trol, received equal volumes of normal sa-
line instead of the drug. The animals were
sacrificed two weeks after the first dose of
6-hydroxydopamime or normal saline. The
effectiveness of the chemical sympathec-
tomy was determined by measuring Na”-
dependent [3H]morepimephrine uptake in
hearts slices; it was inhibited by more than

85% in 6-hydroxydopamime-treated cats.
For the demervation of the three types of

skeletal muscles (tibialis anterior, gastroc-
nemius and soleus), the cat was anesthe-

tized with sodium pentobarbitome (30
mg/kg; Nembutal, Abbott), and under
aseptic conditions, about 1 cm of the sciatic
nerve from the thigh was removed. Dener-
vation was carried out 14 days before sac-

rifice. The animals were killed by an over-

dose of sodium pentobarbitome. The tibialis
anterior, gastrocmemius, and soleus were
removed, and a microsomal preparation
was made by the method of Schwartz et al.
(16), as previously described (17, 18). Pro-

teim concentration was determined by the
method of Lowry et al. (19). The assay for
specific binding of [3H]ouabain in micro-
somal fractions has been described (17, 18).
Total binding was estimated in the pres-
ence of 4 mM Mg�� and 1 nmi inorganic
phosphate in 0.05 M Tris HC1 buffer. Cor-
rections were made for nonspecific accu-
mulation of radioactivity of [3H]ouabain by
assaying parallel incubations in which Mg2”'
and inorganic phosphate had been replaced

by 0.2 M Na”'. The concentrations of [3H]-

ouabain varied between 0.04 and 0.64 �tM.

RESULTS

Two different groups of workers have
reported that demervatiom of rabbit and rat

skeletal muscle increases (Na”’ + K”')-ATP-
ase activity in the sarcolemmal membrane
(20, 21). The molecular mechanism for the

activation of (Na”’ + K”)-ATPase following
denervatiom of skeletal muscle is not
known. Ouabain is a specific inhibitor of
(Na” + K”’)-APase (12), and the specific

binding of [3H]ouabain has been used to
estimate the number of (Na”' + K”)-ATP-
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ase molecules (22-27). In order to obtain a
better insight into the molecular mecha-
nisms for the activation of skeletal muscle
sarcolemmal membrane (Na” + K�)-ATP-
ase, specific binding of [3H]ouabain in the
microsomal fractions obtained from fast
(pale) and slow (red) muscle fibers was
measured (Table 1). Ouabaim binding in the
microsomal fraction from the soleus (slow-

contracting) was 26 times that observed
in the tibialis anterior (fast-contracting)
muscle preparation. The specific binding of
[3H]ouabain in the microsomal fraction of
the gastrocnemius (mixed type of muscle)
was between the binding in the soleus and

that in the tibialis anterior preparation.
These results are consistent with the obser-
vation of Fesstoff and his associates (21),

who reported that (Na”' + K”')-ATPase ac-
tivity in the sarcolemmal membrane of red,
slow muscle is considerably higher than

that observed in pale, fast muscle. Two
weeks after surgical ablation of sciatic

nerve, ouabain binding increased by 20 to
40% in soleus and gastrocnemius muscles.
The direction of these changes are in agree-
ment with earlier observations of activation
of (Na”’ + Ki-ATPase activity following
muscle demervation (20, 21). Quantitative
differences are caused by the use of micro-
somal fractions instead of the sarcolernmal
fractions employed by previous workers.
Demervation of cat gastrocnemius muscle
leads to 5 to 6-fold increase in ouabain
binding in the sarcolemmal membrane
preparation (manuscript in preparation).

Increase in ouabain binding following de-

mervatiom of skeletal muscle may be due to
changes in apparent affinity of (Na� + K”')-
ATPase for ouabain or alterations in the
maximal number of binding sites for oua-
baim. For example, thyroid hormones in-
crease ouabaim binding in cardiac and skel-

etal muscle membrane preparations by em-
hancing apparent affinity of (Na”' + K”')-
ATPase toward ouabain (28). On the other
hand, chronic alcoholism increases ouabain
binding in cardiac microsomes by increas-
ing the maximal number of binding sites for
ouabaim (29). The equilibrium dissociation
constants and densities of ouabain binding
sites in microsomal fractions derived from
innervated and demervated cat soleus, gas-
trocnemius, and tibialis anterior were de-
termined by measuring specific binding in

the presence offive different concentrations
of [3H]ouabain and analyzing the data by
reciprocal plots (Figs. 1-3). Kinetic con-

stants obtained from Figures 1-3 are pro-
vided in Table 2. Although demervatiom of

soleus or gastrocnemius or tibialis anterior
does not alter apparent affinity of micro-
somal (Na� + K”’)-ATPase for ouabaim,

there is a 33 to 50% increase in the density
of ouabain-bimding sites. These observa-
tions suggest that enhancement of ouabain
binding following ablation of motor nerve
is due to increase in the number of such
binding sites.

It has been reported that chemical sym-
pathectomy by the administration of 6-hy-
droxydopamime leads to a marked reduc-

tiom in specific binding of [3H]ouabain in
the microsomal fractions of various sym-

TABLE 1

[3H]Ouabain binding in microsomal fractions obtained from innervated and denervated cat skeletal

muscles

Values are means ± standard errors of 9 determinations obtained from 3 cats. The concentration of ouabain

was 80 nM. Cat skeletal muscles were denervated by the ablation of sciatic nerve two weeks before the animals

were sacrificed.

Muscle Specific binding of [3H]ouabain

Innervated (I) Denervated (D)

pmoles/ mgprotein %

Soleus 21.72 ± 1.22 29.54 ± 1.26

(p < 0.05)

136

Gastrocnemius 9.10 ± 0.48 12.72 ± 0.92
(p 0.05)

140

Tibialis anterior 0.83 ± 0.29 0.99 ± 0.31

(p > 0.05)

119
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ings of some sympathetically innervated

peripheral organs of cat (18), and skeletal
muscle cell surface is not known to be di-
rectly innervated by catecholamimergic

nerve terminals (30, 31), effect of chemi-
cal sympathectomy on specific binding of
[3H]ouabaim in the microsomal fractions of

cat soleus, gastrocnemius, and tibialis an-
terior muscles was determined (Table 3).
Although there is a significant quantitative
difference in the effect of chemical sympa-
thectomy on ouabain binding to fast, pale

1� 24 and slow, red muscle fibers, qualitatively,
administration of 6-hydroxydopamime
markedly decreased ouabain binding in so-
leus, gastrocnemius and tibialis anterior

muscle microsomes. While fast, pale mus-
cle fiber (tibialis anterior) microsomes re-

tamed about two-thirds of specific binding
of[3H]ouabain following the administration
of 6-hydroxydopamine, chemical sympa-
thectomy decreased ouabain binding to less
than 5% and 16% of control values in soleus
and gastrocnemius muscle microsomal frac-

tions, respectively. In order to evaluate the
molecular mechanisms for the reduction of
ouabain binding following chemical sym-
pathectomy, the equilibrium dissociation
constant and density of ouabaim binding
sites in different muscle microsomal frac-

1/OUABAIN (�M 1)

FIG. 1. Double reciprocalplots ofspecific binding

of[3H]ouabain in microsomal fractions derived from

innervated and denervated tibialis anterior muscle.

Specific binding of [3H]ouabain in microsomes ob-

tamed from innervated and denervated tibialis ante-

rior muscles was measured as described in the text.

Each experimental point is the average of 9 determi-

nations of three separate measurements, which varied

less than 10%.

0 8 16 240 8 6 24
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FIG. 2. Double reciprocaiplots ofspecific binding

of [3H]ouabain in microsomal fractions obtained

fr om innervated and denervated gastrocnemius.

Specific binding of [3H]ouabain in microsomes de-

rived from innervated and denervated gastrocnemius

muscles was measured as described in the text. Each

experimental point is the average of 9 determinations

of three separate measurements, which varied less

than 10%.

pathetically innervated organs of cat (18).
Since this decrease in binding of [3H]oua-
baim has been suggested to be due to the
localization of (Na” + Ki-ATPase pre-
dominately in the moradremergic nerve end-

FIG. 3. Double reciprocalplots ofspecific binding

of [3H]ouabain in microsomal fractions obtained

from innervated and denervated soleus.

Specific binding of [3Hlouabain in microsomes ob-

tamed from innervated and denervated soleus muscles

was measured as described in the text. Each experi-

mental point is the average of 9 determinations of

three separate measurements, which varied less than

10%.
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FIG. 4. Scatchard plots of specific binding of

[3H]ouabain in microsomal fractions derived from

soleus and gastrocriemius muscles of control cats.

Specific binding of [3H]ouabain was measured as

described in the text. Each experimental point is the

average of 9 determinations of three separate mess-

urements, which varied less than 10%.
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TABLE 2

Apparent affinities and binding capacities of[3H]ouabain in microsomal fractions of cat skeletal muscles

The specific binding of various concentrations of [3H]ouabain in microsomal preparations from different

skeletal muscles of the cat was assayed as described in MATERIALS AND METHODS. The equilibrium dissociation

constant (Kd) and maximal number of binding sites � were estimated from reciprocal plots. Cat skeletal

muscles were denervated by the ablation of sciatic nerve. Values are averages of three separate determinations

which varied less than 10%.

Muscle Innervated Denervated

Kd B� K,, B�

�LM pmoles/mg fLM pmoles/mg

Soleus 0.83 250 0.83 334

Gastrocnemius 1.47 187 1.47 250

Tibialis anterior 2.50 20 2.90 30

TABLE 3

Specific binding of [3H]ouabain in microsomal fractions obtained from skeletal muscles of control and 6-

hydroxydopamine-treated cats

Values are means ± standard errors o

procedures for the administration of

f 9 determinations. The concentration of [3H

6-hydroxydopamine and the measurement

]oua

of

bain was 80 aM.

specific binding

The

of

[3H]-ouabain are described in the text.

Muscle Specific binding of [3H]ouabain T/C x 100

Control (C) 6-hydroxydopamine
treated (T)

Soleus

pmoles/mg protein

22.23 ± 1.28 0.91 ± 0.42

%

4.10

Gastrocnemius 9.36 ± 0.72 1.49 ± 0.87 15.90

Tibialis anterior 0.80 ± 0.34 0.54 ± 0.29 67.50

tions derived from control and 6-hydroxy-
dopamine-treated cats were determined by
measuring specific binding of different con-
cemtrations of [3H]ouabain and analyzing

the data by the method of Scatchard (Figs.
4-6). These results demonstrate that there
is a single class of ouabain-bimding sites in
the microsomal fractions obtained from
three skeletal muscle types. The equilib-
rium dissociation constants and densities of
ouabain binding sites are provided in Table
4. Administration of 6-hydroxydopamine

decreased the density of ouabain binding
sites in the microsomal fraction of tibialis
anterior by about 50% in contrast to more
than 97% decrease in the maximal number
of binding sites in the microsomes derived
from soleus muscle. The effect of chemical
sympathectomy on the density of ouabain
binding sites in gastrocnemius muscle was
in between those seen in soleus and tibialis
anterior (Table 4). Administration of 6-hy-
droxydopamine either increased or de-
creased the dissociation constants of cat

peripheral tissue microsomes toward oua-
bain (18). For example, the apparent affin-
ity of (Na”’ + K1-ATPase derived from
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cardiac and mictitating membranes toward
ouabain increased following chemical sym-
pathectomy, in contrast to a decrease seem

with the microsomes obtained from salivary
glands and vas deferens (18). The affinity
constants of all three cat skeletal muscle

microsomes for ouabain decreased follow-
ing treatment with 6-hydroxydopamine,

suggesting that the apparent affinity of
(Na”' + K”)-ATPase located on skeletal
muscle surface is greater than the apparent
affinity of the transport enzyme system lo-
cated in the sympathetic nerve endings for
the cardiac glycoside (Table 4).

DISCUSSION

The tibialis anterior muscle consists
mainly of white, or fast-contracting, fibers

‘a,
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E
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E
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4 8 12 16

(H) OUABAIN BOUND, (p mol/mg)

FIG. 5. Scatchard plots of specific binding of

I 3H]ouabain in microsomal fractions derived from

soleus and gastrocnemius muscles of 6-hydroxydo-

pamine treated cats.

Specific binding of [3H]ouabain was measured as

described in the text. Each experimental point is the

average of nine determinations of three separate mess-

urements, which varied less than 10%.

and the soleus, mainly of red, or slow-con-

tracting fibers (32). The gastrocmemius
muscle contains a rather even mixture of
red and white fibers (32). The specific bind-
ing sites of ouabaim appear to be located

predominantly in the microsomal fractions
of slow-contracting fibers (Tables 1 and 3).
6-Hydroxydopamine decreased the density
of specific binding sites for ouabaim by 50
to 97% in the microsomal fractions derived
from these three types of skeletal muscle

(Table 4). Since administration of 6-hy-
droxydopamime leads to chemical sympa-
thectomy (15, 33), the decrease in the den-
sity of ouabain binding sites may be due

either to degeneration of sympathetic nerve
terminaLs innervating the blood vessels in

the muscles or to toxic effects of the drug.

FIG. 6. Scatchard plots of specific binding of

[3H]ouabain in microsomal fractions obtained from

tibialis anterior muscle of control and 6-hydroxydo-

pamine treated cats.

Specific binding of [3Hjouabain was measured as

described in the text. Each experimental point is the
average of 9 determinations of three separate mess-

urements, which varied less than 10%.

TABLE 4

Equilibrium dissociation constants and maximal number of binding sites in microsomal fractions of

skeletal muscles of control and 6-hydroxydopamine treated cats.

The specific binding of various concentrations of [3H}ouabain in microsomal preparations from different

skeletal muscles of the cat was assayed as described in MATERIALS AND METHODS. The equilibrium dissociation

constant (Kd) and maximal number of binding sites (B,,,�,) were estimated by Scatchard analysis. Values are

averages of three separate determinations which varied less than 10%.

Muscle Control 6-hydroxydopamine treated

K,, B� Kd B�

fLM pmoles/mg ,iM pmoles/mg

Soleus 0.56 180 0.25 4.15

Gastrocnemius 1.10 137 0.69 16.80

Tibialis anterior 0.72 8.25 0.59 4.25
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In an earlier report we showed that admin-
istration of 6-hydroxydopamine does not
lead to decrease in ouabain binding to sev-
eral organ membrane preparations such as
highly innervated spleen and less highly
innervated kidney (18). It is unlikely that
toxic effects of 6-hydroxydopamine will be

seen in some organs such as skeletal muscle
and not in kidney or spleen. This conclusion
is further substantiated by the fact that 6-
hydroxydopamine leads to a decrease of

about 33% in ouabain binding in micro-
somes from cat tibialis anterior, as com-

pared with a decrease of over 95% in oua-
bain binding to membrane preparation
from soleus (Table 3). This remarkable dif-
ference between these two skeletal muscle

types is unlikely to be due to differential
toxicity of 6-hydroxydopamine. Therefore,

it may be concluded that the decrease in
density of ouabain binding sites following
chemical sympathectomy is due to destruc-

tion of (Na” + K�)-ATPase transport en-
zyme system located in the adremergic
nerve terminals and not to the toxic effect

of 6-hydroxydopamine.
There is considerable evidence that abla-

tion of the motor nerve leads to a fall in
resting membrane potential (34, 35). Since
ouabain has been observed to reduce the

resting membrane potential of normal mus-
cle to the level of demervated muscle and to
have little or no effect on the resting mem-
brane potential of demervated muscles, it
has been suggested that the nerve releases
a trophic factor that regulates the activity
of the electrogenic monovalent cation
transport system intimately involved in the
maintenance of a critical fraction of the
membrane potential (34-38). Furthermore,
the cause of decline in the resting mem-
brane potential following denervation is be-
lieved to be related to a reduction in the
active transport of Na”’ (36-38).

Ablation of the motor nerve increases

binding of [3H]ouabain in microsomes of

fast-contracting muscle fibers (Table 1),
and this increase appears to be due to
changes in the density of ouabain binding

sites (Figs. 1-3 and Table 2). Since ouabain
binding is selectively” restricted to (Na”’ +

K�)-ATPase (12) and measurement of oua-

bain binding is a useful method to deter-

mime the number of (Na” + K”)-ATPase

molecules (22-27), the present findings sug-
gest that denervatiom of skeletal muscles
leads to augmentation of the number of
(Na� + K”)-ATPase molecules. This is con-
sistent with earlier reports on enhancement
of (Na”’ + K”)-ATPase activity of skeletal
muscle sarcolemmal membrane following

ablation of the motor nerve (20, 21). These
observations provide further support for
the hypothesis that the motor nerve re-
leases a trophic factor that regulates the
activity of (Na”' + K”')-ATPase. Neverthe-
less, it appears unlikely that the fall in the

resting membrane potential following de-
nervation is due to a reduction in the active
monovalent cation transport.

The resting membrane potential of elec-
trogenic membranes is a function of a sus-
tamed electrochemical gradient for certain
ions, a resting conductance for K” ions
(gK), and a leakage current (39). There is

evidence that following denervation, the K”'
permeability of the muscle membrane is
decreased (40, 41); this decrease in perme-
ability may contribute to the fall in mem-
brane potential by altering the ratio be-
tween Na”’ and K� permeabiities of the
resting membrane. The observation that
tetrodotoxin raises the resting membrane
potential of denervated muscle supports
this possibility (42). Thus, mechanisms
other than inhibition of active Na”' trans-
port may be involved in the fall of resting
membrane potential following ablation of
the motor nerve.

In general, the sympathetic nerve fibers
to skeletal muscle pass from the maim
sciatic trunks to the blood vessels, around
which they form plexuses (43, 44). There-
fore, surgical sectioning of the sciatic nerve

would lead to surgical sympathectomy.

Thus, it appears surprising that chemical
sympathectomy would decrease [‘aH]oua-
bain binding and that ablation of the motor
nerve coupled with surgical sympathec-
tomy would increase the number of (Na”’
+ K”)-ATPase molecules on the skeletal
muscle surface. Since ablation of the motor
nerve increases the density of [‘aH]ouabain

binding sites on the muscle cell surface, and
sympathectomy leads to destruction of oua�
baim binding sites at the nerve endings,

sectioning of the sciatic nerve will give ar�

algebraic sum of these two opposite effects.
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This provides an explanation for the sev-

eral-fold increase in (Na”' + K”')-ATPase
activity and [‘aH]ouabain binding in skeletal

muscle sarcolemmal membrane following
ablation of the motor nerve (20, 21, manu-

script in preparation). Another interpreta-
tiom for quantitative differences in ouabain
binding and (Na� + K”)-ATPase activity

between microsomal and sarcolemmal frac-
tions of demervated muscles relates to a

shift in the distribution of binding sites

between compartments rather than a
change in the actual number of binding
sites. This possibility appears unlikely be-
cause [‘aH]ouabain binding in the whole
homogenates of demervated soleus muscle
was about 30% greater than the binding

seem in the innervated muscle preparation
(results not shown). This suggests that the

quantitative differences in ouabaim binding
in microsomal and sarcolemmal fractions of
innervated and demervated muscles is prob-
ably related to the inclusion of sympathetic
nerve endings in the microsomal fractions
of the skeletal muscle.
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