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SUMMARY

1. Electrolytes of normal, self-innervated and cross-innervated extensor
digitorum longus and soleus muscles of rats have been determined.

2. [K]1 was 173 m-equiv/l. for both normal and self-innervated extensor
digitorum longus. In cross-innervated extensor digitorum longus it was
reduced to 159 m-equiv/l.

3. For normal and self-innervated soleus, [K]1 was 150 m-equiv/l. and
154 m-equiv/l. respectively. In cross-innervated soleus it was increased to
182 m-equiv/l.

4. The content and distribution of most other electrolytes of cross-
innervated soleus, as well as its weight, were not significantly different
from those of controls. On the other hand, cross-innervated extensor
digitorum longus weighed about half as much as controls and contained
markedly elevated Na+, C1- and extrafibre water and reduced non-
collagenous protein and intrafibre water.

5. It is concluded that [K]i of fast-twitch and slow-twitch muscle fibres
are under neural regulation. Possible mechanisms for this regulation are
discussed.

INTRODUCTION

Mammalian fast-twitch and slow-twitch skeletal muscle fibres differ in
a number of physiological and biochemical properties. By nerve cross-
union experiments, in which nerve fibres normally innervating fast-twitch
muscle fibres are made to reinnervate slow-twitch muscle fibres and vice
versa, an increasing number of these differences (e.g. speed of contraction,
post-tetanic effects on the isometric twitch, enzyme profiles) have now
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been shown to depend on neural regulation (for review, see Guth, 1968;
Close & Hoh, 1969; Prewitt & Salafsky, 1970).
Drahota (1960) reported that the potassium content of the fast extensor

digitorum longus (hereinafter called toe extensor) muscle of the rat is
16% higher than that of the slow soleus muscle. Neural regulation of this
difference in muscle potassium content was suggested by the finding of
Drahota & Gutmann (1963) that the potassium content of the soleus
following peroneal-tibial nerve cross-anastomosis increased to match that
of the toe extensor. However, they found no change in the content of
potassium in the toe extensor following this surgical procedure and attri-
buted this to an ability on the part of the toe extensor to resist changes in
potassium content.
Hoh (1969) has shown that the toe extensor was selectively reinnervated

by its own nerve in experiments in which nerves to the toe extensor and
the soleus were given equal chances to reinnervate it. This finding provides
a plausible alternative explanation for the failure of Drahota & Gutmann
to find any change in the potassium content of their reinnervated toe
extensor: fibres in this muscle were probably not reinnervated by nerve
fibres to soleus, but by nerve fibres which normally supplied fast-twitch
muscle fibres. The question still remains as to whether the nerve to soleus
could change the potassium content of the toe extensor following cross-
innervation. In this report, effects of nerve cross-union on intracellular
electrolytes in rat toe extensor and soleus muscles were investigated with
special care to avoid selective reinnervation of muscle fibres. It will be
shown that nerves to both muscles are able to regulate intracellular
potassium in muscle fibres they innervate. A preliminary report has
appeared (Hoh & Salafsky, 1971).

METHODS

Experimental de&8gn. The experiments were performed on nineteen male Wistar
rats of body weight 365-520 g, thirteen of which were operated on at 4-5 weeks of
age. The same operations were done on both sides in each rat. In six animals, nerves
to toe extensor and soleus respectively were cut and the distal stump of the nerve to
toe extensor was united with fine nylon to the proximal stump of the nerve to soleus.
The soleus muscle was excised. In order to avoid reinnervation of toe extensor by
fibres from the peroneal nerve, this nerve was tied, transacted, reflected proximally
and embedded in the biceps femoris muscle, to which it was secured by nylon suture.
Stimulation of the appropriate nerves at the time of final experiment verified that
this procedure achieved the desired exclusive functional reinnervation of toe
extensor by nerve to soleus. These muscles are referred to as cross-innervated toe
extensors.
In four other animals cross-union of nerves to toe extensor and soleus were done

without the special precautions. This procedure enabled the nerve to toe extensor
to reinnervate soleus muscles exclusively (these muscles are referred to as cross-
innervated solei), but the companion toe extensor was reinnervated by nerve fibres
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from the peroneal nerve as well as by the nerve to soleus. These toe extensor muscles
with mixed innervation were also studied, but data from these muscles were treated
separately from those of cross-innervated toe extensor muscles with exclusive
innervation from the nerve to soleus.

Self-union of nerves to toe extensor and soleus muscles respectively was per-
formed on three rats. These muscles are referred to as self-innervated. Toe extensor
and soleus muscles from six unoperated rats were also studied.
Experiments on operated rats were performed 106-144 days post-operatively. Rats

were anaesthetized by intraperitoneal injection of sodium pentobarbitone (50 mg/kg
body wt). The muscles were carefully excised, cleaned of visible fat and blotted free
of visible blood, weighed and used for the measurement of total water, K+, Na+, and
Cl- contents (see below). A sample of serum was obtained from each rat for serum
electrolyte analyses. The density and water content of the serum were measured by
weighing a known volume of each serum from four different rats before and after
drying in an oven. The mean value obtained for serum water content was used in
calculating the extrafibre levels of Na+, K+, and Cl- in each animal; the Donnan
factors used for these electrolytes were those given by Manery (1954). Extrafibre
water in muscles was calculated from Cl- contents of muscle and serum by the method
of Conway (1957). From these measurements intrafibre water, [K]1, [Na]1 and [Cl]1
were calculated.

Chemical method. Water, K+, Na+ and C1- were all determined from the same
piece of muscle weighing up to about 100 mg by the method of Flear & Florence
(1961). Muscles larger than 100 mg were bisected longitudinally and one portion
used for electrolyte analyses; the remaining portion was used for the measurement
of protein content. K+ and Na+ were measured by a Baird-Atomic flame photometer
(Li+ as internal standard) and Cl- by the titrimetric method of Schales & Schales
as described by Natelson (1961).

Initially normal muscle samples were dried and extracted with nitric acid in glass
tubes instead of being dried in aluminium pans and extracted with acid in plastic
tubes as recommended by Flear & Florence (1961). This gave very high and variable
blank values for Na+, presumably due to elution of Na+ from glass or contamination
of tubes by Na+. The data for Na+ from these muscles were rejected for this reason.
For the analysis of non-collagenous protein (Lilienthal, Zierler, Folk, Buka &

Riley, 1950), muscles were cut into small pieces with scissors and extracted over-
night with 5 ml. 0 05 N-NaOH. Portions from the same muscles (self-innervated
muscles, cross-innervated solei) used for electrolyte measurements or whole muscles
(normal muscles, cross-innervated toe extensors) were used. Aliquots of the extract
were used for protein estimation by the method of Lowry, Rosenbrough, Farr &
Randall (1951), bovine serum albumen (Pentex) being used as standard.

All electrolyte and protein measurements were done in duplicates.
The Student's t test (2-tail) for statistical significance was used, P < 0 05 being

taken as statistically significant.

RESULTS

Normal and self-innervated muscles
Table 1 shows that the composition and distribution of electrolytes

(except non-collagenous protein) for self-innervated toe extensor and soleus
muscles are very similar to those of corresponding normal muscles. The
contents of K+ for normal or self-innervated toe extensor and soleus
muscles and those of Na+ for self-innervated muscles are the same as those
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obtained by Yonemura (1967) for normal toe extensor and soleus muscles
respectively. However, values for extrafibre water obtained here by the
method of Conway (1957) are substantially higher than the inulin spaces
for toe extensor and soleus reported by Sreter & Woo (1963) and also by
Kobayashi & Yonemura (1967). Nevertheless, in agreement with these
authors, extrafibre water for normal soleus is significantly higher than that
for normal toe extensor (P < 0 02). Extrafibre water for self-innervated
soleus is also significantly higher than that for self-innervated toe extensor
(P < 0.005).
The [K]1 of normal and self-innervated toe extensors are significantly

(P < 0.001) higher than the corresponding values for soleus muscles
(Table 1). These values are close to those reported by Sreter & Woo (1963)
but appreciably higher than those obtained by Yonemura (1967; toe
extensor = 156-4 m-equiv/l., soleus = 132-9 m-equiv/l.). Internal sodium
concentrations were equally low in self-innervated toe extensor and soleus
(Table 1). The higher values for [Na]1 of toe extensor and soleus reported
by Sreter & Woo and Yonemura are, at least in part, attributable to
differences in the methods for estimating extrafibre water and hence the
intrafibre water content.

Cross-innervated toe extensor mUscles
The mean values of all properties listed in Table 1 for cross-innervated

toe extensor differ significantly from those of self-innervated control. The
mean weight of cross-innervated toe extensor is approximately half of that
for self-innervated control, this difference being highly significant
(P < 0 001). Extrafibre water and the principally extrafibre Na+ and C1-
are markedly increased in cross-innervated toe extensor (P < 0.001) at
the expense of intrafibre water (P < 0 001), non-collagenous protein
(P < 0.005) and K+ content (P < 0.001). [K]i is reduced compared with
that of self-innervated toe extensor but not significantly different from
[K]1 of self-innervated soleus (P < 0.3) which was reinnervated by the
same nerve as cross-innervated toe extensor. [Na]1 and [Cl]1 are both
increased relative to levels in self-innervated toe extensor (P < 0 01 and
P < 0 001 respectively).
Toe extensor muscles which had been cross-innervated with the nerve to soleus

without special precautions to avoid reinnervation by fibres from the peroneal nerve
(i.e. companions to cross-innervated solei) were also studied. These muscles twitched
when either the nerve to soleus or the peroneal nerve was cut, showing functional
reinnervation by nerve fibres from both sources. Mean values + s.E. (n = 7) were:
muscle weight = 125-4 ± 17-6 mg, non-collagenous protein = 136-0 ± 2-5 g/kg wet
wt., K+ = 92-1 + 2-3 m-equiv/kg wet wt., Cl- = 36-9 ± 2-0 m-equiv/kg wet wt.,
Na+ = 44-8 + 2-5 m-equiv/kg wet wt. and extrafibrewater = 271 + 14 ml./kg. wetwt.
Consistent with the mixed innervation of these muscles, nearly all these values lie
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between those for self-innervated and cross-innervated toe extensors; those for K+
and non-collagenous protein are significantly different from corresponding values
obtained for both these groups of muscles (P < 0.02).

Cross-innervated soleus muscles
There is a significant increase in K+ content and [K]1 of cross-innervated

soleus over values for normal soleus (P < 0-005 and P < 0-001 respectively
and self-innervated soleus (P < 0.001). Compared to self-innervated soleus,
Na+ content and [Na]1 of cross-innervated soleus are also significantly
increased (P < 0-05), but in contrast to cross-innervated toe extensor, no
significant changes occurred in muscle weight, non-collagenous protein
and Cl- contents, extrafibre water, intrafibre water and [Cl]1.

DISCUSSION

The experiments reported above clearly show that after proper cross-
union, both the nerve to toe extensor and the nerve to soleus significantly
change the K+ content and [K]1 of muscles they innervate.
Yonemura (1967) and Federov (1969) have found that the mean resting

membrane potential of fast-twitch muscle fibres of rats is higher than that
for slow-twitch fibres. This difference in resting membrane potential cor-
relates well with the difference in [K]1 in accordance with ionic theory. The
K-equilibrium potentials calculated by means of the Nernst equation
using the mean values for [K]1 given in Table 1 and the mean [K]o of
5.9 m-equiv/l. extrafibre water are - 87-4 mV for normal toe extensor and
- 83-6 mV for normal soleus at 370 C. These values are in very good agree-
ment with the mean resting membrane potentials recorded in situ by
Federov (1969) from rat plantaris (-85+0-4 mV) and soleus (-79+
0-44 mV) muscles.
The changes in [K]1 observed in cross-innervated muscles would be

expected to be accompanied by a fall in the resting membrane potential of
fast-twitch fibres and a rise in that of slow-twitch fibres. Differences in the
characteristics of action potentials between fast-twitch and slow-twitch
muscle fibres (Yonemura, 1967; Federov, 1969) would also be expected
to be altered following nerve cross-union, since they depend, in part, on
[K]1 and [Na]1.

Differences in [K]1 presumably reflect differences in active transport
and/or membrane permeability, which in turn are determined by differ-
ences in chemical composition of muscle membranes. There is evidence for
a difference in the composition of the membrane between toe extensor and
soleus muscle fibres: soleus muscle fibres are less sensitive to the destructive
action of phospholipase C on muscle membrane than toe extensor muscle
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fibres (Albuquerque & Thesleff, 1967). Furthermore, soleus muscle fibres
are responsive to acetylcholine along their entire length, whereas re-
sponsiveness to acetylcholine of toe extensor muscle fibres is confined to
the neuromuscular region (Miledi & Zelena, 1966). This difference in
sensitivity to acetylcholine has been shown to reverse following nerve cross-
union (Miledi, Stefani & Zelena, 1968).

It is suggested that nerves to fast-twitch and slow-twitch muscle fibres
differ in their respective influences on muscle membrane permeability
and/or active transport. Dockry, Kernan & Tangney (1966) have adduced
evidence for a neural influence on the active transport of electrolytes in
rat muscles. They found that innervated and Na+-enriched toe extensor or
soleus muscles extruded more Na+ and took up more K+ during recovery
than acutely denervated companion muscles under the same experimental
conditions. Their data also indicated that the passive permeability of K+
into soleus was lower than that into toe extensor (for discussion, see
Kernan, 1969). Kernan (1969) has shown that soleus accumulated caesium
or rubidium ions to a greater extent than toe extensor of rats given
drinking water containing these ions; he attributed this difference in
distribution to the difference in passive permeability of these muscles to K+.

In addition to the marked decrease in [K]1 discussed above, cross-
innervated toe extensor muscles failed to reach the size of control muscles
as described by Close (1969). Furthermore, these muscles differed from
controls by their increased extrafibre water, Na+ and Cl- content, de-
creased intrafibre water, non-collagenous protein and K+ content. Similar
reciprocal changes in Na+ and K+ contents have been reported for muscles
from human beings with progressive muscular dystrophy (Horvath, Berg,
Cummings & Shy, 1955); from mice with hereditary muscular dystrophy
(Baker, Blahd & Hart, 1958; Young, Young & Edelman, 1959); from rabbits
and calves with nutritional muscular dystrophy (Fenn & Goettsch, 1937;
Blaxter & Wood, 1952); and from puppies with denervation atrophy
(Eichelberger, Akeson & Roma, 1956). While these changes may in them-
selves be non-specific in nature, and may reflect merely a replacement of
muscle fibres by connective tissue, their occurrence in cross-innervated
toe extensor and not in cross-innervated soleus in an otherwise normal
animal raises interesting questions as to the nature of the defect in the
former muscle and its relationship to muscular dystrophy.

This work is supported by USPHS NINDS grant NB-05679. The authors thank
Mrs Josephine Lai for technical assistance and Dr K. Unna and Dr E. Anderson for
reading the manuscript.
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