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ABSTRACT

| Some of the changes produced by chronic denervation in
rat diaphragm were investigated. Calcium ion fluxes were studied
by using radioactive Ca"*S and the results showed that the calcium
Influx, efflux and the exchangeable calcium is more in denervated
muscles. Assoclaled with the increase in calcium, the resting
membrane poTen%iaI was reduced by 11 mV in denervated muscles and
the duration of the action potential was prolonged after dener-
vation. The possible role of increase in calcium perneability is
discu;sed. Calcium fluxes we?e increased by electrical stimulation
and caffeine. |t was also shown that the increase in fluxes
parallelled the Increase in tension. The effects of blocking the
transverse tubules by glycerol showed that glycerol, besides
blocking the T-tubules, has other effects by which calcium Influxes
were increased, In normal and denervated muscles. The possible
links betwcen these observations and other known effects of

denervation are discussad.
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INTRODUCT ION
I. HISTORICAL BACKGROUND

" For approximately a century, physiologists have been
interested in the interrelationship beftween nerve and muscle since
it was discovered that sectioning a motor nerve caused the inner-
vated muscle to undergo atrophy and subsequent degeneration.
Initially this was considered the result of a disturbance in the
trophic functions of the nervous system. By trophic functions were
meant "a certain regulation of tissue or cell metabolism which Is
dependent to a certaln extent on the connection of these tissues with
the nervous system" (Gutmann & Hnik, 1963). Gutmann and Hnik (1963)
have suggested that aside from the exclusion of the phenomena of
Junctional transmission, i.e. nerve Impulses producing end plate
potentials, which result in muscle Impulses, that all other functions
are trophic. However, In contrast to this Idea, work by Hamburger
(1939) and Zelena (1962) showed that embryologically, nerve and
muscle develop independent of the other, there being no trophic
interaction. Even after the formation of a nerve-muscle junction,
the muscle still retains the capacity to grow and differentiate wﬁen

denervated at this stage. However, this ability Is lost with

maturation.

" The usual technique that has been employed to study the
trophic nervous influences on muscle has been to section or damage
t+he nerve and observe the resulting changes In the muscle during

nerve degeneration or regeneration. Other procedures have been



developed by subjecting the muscle to disuse by blocking nerve
impulses in the absence of degeneration (Tower, 1937a, 1937b; Tower
et al., 1941; Eccles, 1941, 1944; Johns & Thesleff, 1961). Slmilarly,,
+enotomy and cross-innervation +echniques are also avallable (Tower,
1939; Eccles, 1944; Gutmann & Vrbova, 1952; Hnik & Skorpil, 1962).

'In t+he late 1930's, three changes were considered to be
specific In denervated muscle, these being: |

(1) an Increased sensitivity to acetylchol ine;

(2) fibriilation;

(3) changes in electrical excitabillty.
With regard to the first of these changes, i.e. increased sensitivity
to acetylcholine, it was suggested by Brown (1937) and Rosenblueth
and Luco (1937) that this Increased sensitivity was restricted to the
denervated end plate, since it was known that the aceTyléhoIIne rec-
eptors were localized to +he neuromuscular junction. However, Eccles
(1941a), Ginetzinsky and Shamarina (1942) as quoted by Eccles (1963)
and Kuffler (1943) demonstrated an increase In receptor area along the
muscle fiber length. Similarly, Axelsson and Thesleff (1959) showed
in cat tenuisimus muscle that, following denervation, the acetylcholine
sensitive receptor areas were uniformly distributed over the whole
length of the muscle fiber. However, Miledi (1960a), using denervated
frog sartorius muscle, showed +hat, although the entire muscle fiber
became more sensitive fo acetylcholine after denervation, a preferential
sensitivity, about 1,000 times more, still existed at the motor end
plate, Katz and Miledi (1964) also showed that although the whole

denervated frog muscle developed a high sensitivity to acetfylcholine
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after 2 weeks of denervation, a remote part of the muscle fiber,
distant from the end plate, could Independently develop a high drug
sensitivity. They also demonstrated that the chemosensitivity of a
muscle was labile and subject to long term changes. Using denervated
rat hemidiaphragms, Mitchell and Silver (1963) reported that passive
acetylcholine release from denervated end plates fell within 2 hours
of denervation to 50% of control level with a return to near normal
"values after 11vweeks. They also observed the passive spontaneous
release of acetylcholine at different temperatures and concluded that
only a very small portion of the acetylcholine spontaneously |iberated
can be assoclated with minlature end plate potentials. Krnjevic and
Straughan (1964) observed that acetylcholine |iberation from 22 to 24
days denervated rat dlaphragms was about 2/3 the value of normal
muscle at rest, with there being a small Increase after direct stim-~
ulation. Aklon et al. (1970) also observed a smaller release of
acetylcholine from denervated rat diaphragm upon direct stimulation
as compared to normal muscle. Potter (1970) localized acéfylchollne
synthesis in the region of end plates In normal rat diaphragm, in
which it wasreduced to a few per cent after 6 weeks of denervation.
The mechanical responses of the denervated frog muscle to acetylcholine
in sodlum-free solutions were shown not to be mediated by membrane
depolarization (Lorkovic, 1970), it being proposed that the primary
action of'ace+ylcholine was either on the outer membrane, involving
no changes in the membrane potential, or was exerted by a change in
the properties of the T-tubule membranes at the level of triads.

Very recently, Fleming (1971) also studied supersensitivity of the
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rat diaphragm to potassium and concluded that the supersensitivity of
the diaphragm had two components:
(1) a marked, highly specific supersensitivity to chollnergic
agents like acetylicholine; and,
(2) a small, non-specific supersensitivity to potassium
which was proposed to be associated with the changes

In the membrane and/or excitation-contraction pro-

perties.,

Since denervation produces a marked increase In the sensitivity

to depolarizing drugs In the extra-junctional region of the skeletal
muscles, Taylor et al. (1965) found that labelled decamethonium became
concentrated in the junctional region of normal rat diaphragm, This
had already been shown by autoradiographic studies of Waser (1960).
Creese and Maclagan (1970) also showed that decame+thonium entered the
muscle fibers, while Taylor et al. (1967) have observed injected
radioactive decamethonium to remain In muscie in conjunction with a
rapid fall of plasma concentration to low levels. Creese et al.
(19715 also showed that the uptake of decamethonium could be blocked
by Tubocurarlhe, that denervated muscles took up less during in vive
than the normal muscles, and that <n vitro the uptake In denervated
muscle was markedly increased, being located in the extrajunctional
region; Similar results have also been obtalned by Waser and Nickel
(1969), and by Cookson and Paton (1969) who proposed that the alter-
atlon in permeabi!ity produced by the pharmacological action of deca-
methonium, leads to the entry of organic cations as well as the nef

movements of Inorganic ions.



The second specific change following denervation was observed
To.be fibrillation, the onset of which has been found to vary with the
type of preparation. |t has been observed in cockroach muscle
(Berdnek et al., 1959) and follows 40 to 60 days after denervation in
frog muscle (Reld, 1941). Hnik et al. (1958) as quoted by Hnik and
Skorpil (1963) have noted fibrillation To occur as early as 40 hours
in mice, and 29 to 49 hours in rats. The Intensity of fibrillation
was found by Brown (1937) to be Increased by acetylcholine if applied
in small doses, leading him to believe that fibrillation resulted
from the action of acetylcholine on the highly sensitized muscle
fibers. Rosenblueth and Luco (1937) rejected this idea, since curar-
ine was unable to depress these fibrillations. Curarine, neverthe-
less, was very effec+fve in depressing the excitation of denervated
muscle by applled acetylcholine. As well, after re-innervation,
Feinstein et al. (1945) as quoted by Hnik and Skorpil (1963) reported
fibrillation to disappear. By means of intracellular recording, Li,
Shy and Wells (1957) observed continuous wave-like variations in the
membfane potential. These were belleved by Ware, Bennett and Mclntyre
(1954) to be superlmposed upon a depolarized membrane, with the
generation of a musqle Impulse occurring when a depolarizing wave
attained a critical level. Howevef, no changes in the resting
membrane potential were noted by Nicholls (1956), although Harris
and Nichojls (1956) observed an Increase in the membrane resistance
and a decrease In potassium permeabi!ity later. LUIImann and Pracht
(1958) found, in denervated rat diaphragm, that the extracellular

space had Increased by 5% of its wet weight, that the fiber water had
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decreased by 28 gm/kg of its wet weight, and that the membrane potential
had decreased by 13 mV. Recently, Belmar et al. (1966) showed In rat
muscle that fibri!lation action potentials originated at the denervated
end plate zoﬁe, while acetylcholine and noradrenaline increased the
frequency of fibrillation when applle& In small doses to the dener-
vated end plate zone surface. Large doses of acetylcholine depressed
the fibrillation frequency. They also showed that large doses of deca-
methonium depolarlzéd +he muscle membrane and reduced the amplitude

of action potentials. Increased amounts of Mg++ and Ca++, and d-
+ubocurarine had no effect on the fibrillation frequency. By studying
the calclum uptake by the sarcoplasmic reticulum obtained from glycer=
{nated rat diaphragm, Howell et al. (1966) concluded that fibrillation
could be related to surface membrane instability caused by a persistant
sequestration of calcium In the sarcoplasmic reticulum. In a similar
study, Brody (1966) observed a greater calcium uptake by the sarco-
plasmic reticulum of guinea pig gastrocnemius muscle, and suggesfed‘
that fibrillation could be explained on the baéis of an enhanced
abil1ty of the sarcoplasmic reticulum in denervated muscle to release
and bind calclum. However, Miledi and Stefani (1970), by their

studies on the miniature end plate potentials in denervated slow

muécle fibers, in which they observed these to be of a variable time

course and amplitude, with a slow frequency that could be Increased

by hypertonic solutions, suggested following nerve degeneration, that:
the Schwann cells of small motor nerve fibers release packages of
+ransmitter, resulting In these miniature end plate potentials.

The third specffic feature of denervation was noted to be.a



change in the electrical excitabllity of the muscle (Lewis, 1962;
Eccles, Eccles & Kozak, 1962), Moreover, Desmedt (1950a, 1950b)
demonstrated, shortly after denervation, a progressive increase in
chronaxie, reaching a stationary level of approximately 15 mS, as
well as a slowing of accommodation, which was associated with the
onset and development of fibrillation. Recovery from these excit-
abl 11ty changes was shown to begin at an early stage of nerve regen-
eration, belng completed upon restoration of neuromuscular trans-
mission., Nicholls (i956) observed no change in the resting membrane
potential of the denervated frog sartorius muscle; however, Harris
and Nicholls (1956) observed an increase in the membrane resistance
and a decrease in potassium permeability, which was further conf I rmed
by Jenkinson and Nicholls (1961). ThTs Increase in membrane resis-
t+ance was also observed in denervated frog muscle by Hubbard (1962,
1963a, 1963b) who contended it to be mainly the result of a decrease
in potassium permeability, there being no effect on chloride perm-
eability. A decrease In resting membrane potential was also observed
In rat diaphragm by LUlImann and Pracht (1957, 1958), and later by
Thesleff (1963). A similar study of membrane properties of dener-
vated fast and slow muscles by Albuquerque and Thesleff (1968)

showed that the membrane electrical time constants, the transverse
resistance, and the action potential threshold were increased In both
EDL and ssleus muscle, whiie the rate of rise and amplitude of the
spike were significantly decreased. Therefore, It was suggested that
there was possibly a reduction In the number of membrane sites

connected with the passive lonic transport. More recently, Redfern



bef al. (1970, 1971) showed, following denervation, that the action
potential generation mechanism became resistant to the blocking

action of tetrodotoxin, while between 30 to 40 hours post-denervation,
the action potential rate of rise was reduced to one third, the
membrane potential decreased by 14 mV, and the electrical time con-
stant and membrane resistance Increased by 70% and 50%, respectively.

Because it had been shown by Ringer aé early as 1883 that
‘calclum was an Important fon for muscle contraction, Hines and Knowlton
(1933), Knowlton and Hines (1937) and later Shimizu and Kuriaki (1960)
Investigated the calcium changes in muscles following denervation,
finding the calcium content to be Increased. As well, it has been
reported by Humoller et al. (1950) that the calcium fon content In
rat muscles was unchanged at 10 days, but Increased after 20 days
denerva+lon. None of these authors showed whether this increase of
calclum occurred In the extracellular or intracellular muscle compart-
ment, although Fenn et al. (1937) and Morgulis and Osterhoff (1938),
using dystrophic muscles, correlated an increased calcium uptake with
the hlsfological observation of calcification and fibrosis.

In the recent years, the lonic fluxes in denervated muscle
have also been studied. Jenkinson and Nicholls (1961) found in
depolarized denervated rat diaphragm, that the calcium uptake, plus
Na+ and K+ fluxes, were Increased by acetylcholine, which also caused
contractures In the depolarized muscle. These contractures could be
blocked by tubocurarine or by the absence of calcium, it being con-

cluded that the acetylcholine contractures resulted from an Increased

cel| membrane permeability to calcium ions. There have also appeared
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repoffs concerning the accumulation of Na+ in denervated muscles

(LUl Imann, 1958; Drahofa; 1963; Gutmann& Hnik, 1963; Dockry et al.,
1966), as well as an observed increase in the Na™ fluxes in myotonic
dystrophic muscle (Hofmann et al., 1968). It has also been shown

by Gutmann and Sandow (1965) In rat EDL muscle, that the suscepti-
bility to caffeine contractures was markedly increased after dener-
vation. This suggested that whereas caffeine was unable to release
calclum from intracellular sources in normal muscle, after denervation
the reticulum became altered such that i+ readily rellnquished calcium
in the presence of caffeine, causing a contracture. Howell et al.
(1966) followed this with the observation that the isolated sarco-
plasmic reticulum In denervated glycerinated rat diaphragm had an
Increased calcium uptake of 2% times. Similar results were also
obtalned by Brody (1966) who found a three-fold increase in calcium
uptake by microsomes In the denervated gastrocnemius muscles of the
guinea pig. Sandow et al. (1965) and l|saacson and Sandow (1967)
further observed in denervated rat EDL muscle, the calcium uptake to
be greater than normal muscle with and without the presence of caf-
feine. Lahrtz and LUlImann (1967) measured the calcium fluxes in
denervated rat diaphragm, observing, however, no change in the Ca"s
efflux tIime course between normél and denervated muscle (half time 70
minutes) nor any.difference between the total calcium content of the
Two musclé preparations, thus concluding that the cell membrane con-
talned a freely moveable calcium fraction., Recently, calcium and
lanthanumhave been shown by Parsons et al. (1971) in denervafed muscle,

to decrease membrane excitability, and to depress the following features



of the action potential: +he maximum rate of rise, the overshoot
and the maximum rate of the falling phase.

The morphological changes associated with denervation were
initially studied by Iight microscopy. Tower (1932, 1935) described
atrophic changes occurring in muscle following one year of denervation
with an accompanied reduction of nuclei in the nuclear bag and a dis-
integration of intrafusal fibers. This was confirmed by Chor et al.
(1937). Tower (1935, 1939) also observed the | bands to be longer
than the A bands, agreeing with the recent finding of irregular
variations in the sarcomere length (Gutmann & Zelena, 1963). Later
Bowden and Gutmann (1944) observed a decrease in fiber diameter and
weight secondary to a decrease in fiber water and proteins, a loss
of fiber cross-sfrlafioﬁ, and an increased number of nuclei and
nucleoli. Moreover, after three years of denervation, they observed
a loss in the anatomical continuity of the fibers, either by long-
itudinal splitting ‘into separate fibrils, or by fragmentation into
oval segments. The change in nuclear content following denervation
has been further clarified by Gufmann'and Zelena (1963) to involve
an initial 40% increase in DNA for the first month, with a return
afterwards to the same content as in normal muscle. Another early
observation was the replacement of muscle by fat cells (Chor, 1937;
iBOWden & Gutmann, 1944; Gutmann & Young, 1944) which, in rabbit
EDL and soleus muscle, has been noted to éccur in the intracellular
spaces.,

With the advent of electronmicroscopy, histologic attention

has now focussed upon the ultrastructural changes following dener-



11,

vation. As a result of intensive study, the sequence of degener-
ative changes in muscle after denervation can be described as
follows. After sectioning, the distal end of the nerve quickly
degenerates, with a decrease in the density of the axonal matrix
after 2 to 4 days. Within a few more da?s, the axon terminal
completely degenerates, retracting from the muscle fiber, except
for the post-synaptic foldings, still visible and allowing iden-
tification of the motor end plate (Miledi & Slater, 1963). Further
work by Miledi and Slater (1970) in rat diaphragm has demonstrated
‘complete failure of end plate transmission after 20 hours of
sectioning, accompanied by a cessation of spontaneous miniature end
plate transmission after 20 hours of sectioning. As well, upon
complete failure of transmission, the end plate structure appears
abnormal, while the nerve terminal disintegrates into small frag-
ments. However, in frog muscle, the miniature end plate potentials
have been shown to persist long after complete axonal degeneration
(Birks et al., 1960). In rat leg muscles, during the first 2 weeks
of denervation, there has been noted an initial rapid decrease in
weight, becoming less later (Pellegrino & Franzini-Armstrong, 1963).
Within the muscle, fibers at first loose their contractile material,
then mitochondria, and later sarcoplasmic reticulum. Alterations
commence at the Z line which becomes bent, resulting in a disturbance
of the thick and thin filaments, while the sarcolemma and basement
membrane invaginate deep into the fiber substance. Later, the
fibril diameter becomes decreased. During the period of contractile

material degeneration, the sarcoplasmic reticulum appears to become



over-developed. This has been attributed to:

(1) a proliferation of the +ubules derived from the
T-system;

(2) +the appearance of pentads derived from the triads,
being composed of two T-tubules |ined and separated
by the terminal cisternae of the sarcoplasmic
reticulum (Pellegrino & Franzini-Armstrong, 1969).

Furthermore, the hypertrophy of the sarcop lasmic refticulum becomes
more obvious as a resulT ofVThe over-development of tubules and
vesicles secondary to an increase of the sarcop lasmic protein
content (Margreth, 1966). Along with +he contractile material de-
generation, The mitochondria progressively decrease, which in rat
diaphragm occurs early and extensively.(Miledi & Slater, 1968).
However, the rate of atrophy in frog muscle has been observed to be
élower, with degenerative changes occurring much later (Muscatello
et al., 1965).

Unlike other muscle, rat diaphragm undergoes a temporary
hyperfrophy, which has been noted to be maximal 7 days after dener-
vation. This hypertrophic state later subsides, the muscle under-
going atrophy as in other types of denervated muscle. Miledi and
Slater's (1969) recent electronmicroscopic studies in rat diaphragm
during hypertrophy have demonstrated the fiber cross-sectional area
and number of myof!brils to be increased. Because no changes in
the filament spacings were observed, it was concluded that the
number of actin and myosin filaménTs were also increased. Feng,

Jung and Wu (1963) and recently Jurmaniva and Zelena (1970) have also
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shown the anterior latissimus dorsi, a slow muscle in the chick, to
become hypertrophic after denervation. The latter investigators
also observed, in conjunction with this hypertrophy, degenerative
changes to occur, similar fo those described in other denervated
atrophic muscles. Furthermore, in chicken dystrophic muscle,
Baskin (1970) observed areas of enlarged sarcoplasmic reticulum,
plus a decreased membrane bound creatine phosphokinase in the muscle
microsomes. There was no observed Increased calcium uptake by the
sarcop lasmic reticulum. Hence in summary, the electronmicroscopic
observation of the muscie preparation on various types of atrophic
muscles, have revealed the following common features: dissoclation
of the surface membrane complex, a decrease in fiber diameter, the
presence of satellite cells and myoblasts, lamellar arrays of
membrane~bound cisternae, and fragmentation of the muscle fibers
with subsequent degeneration of the fragments and disintegration

of the myofilaments (Birks et al., 1959; Pellegrino'ef al., 1963;

Hess & Rosner, 1970; Schrodt & Walker, 1965; Miledi & Slater, 1969).

Il. IONIC HYPOTHESIS

1. Resting Membrane Potential:

In 1895, Biedermann discovered t+hat application of an
sosmotic potassium chloride solution to a portion of muscle generated
a large potential differencé between the site of application and the
remaining surface of the muscle. Later Hober in 1905 extended this

_observation, finding that the ability of various cations in altering
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the resting potential of muscle increased in the following order:
Li, Na, Mg, Cs, NHy, RD, K. Similarly, he found that the anlons in
+he order CNS, NO3, |, Br, Cl, acetate, HPO,, SO,, tartrate had the

same effecf. fn 1902, Bernstein published his membrane Theory in

.which he postulated:

(1) that the resting potential was pre-existant at the
plasma membrane of the cell;
(2) that the resting potential was maintained by
virtue of the semi-permeability of the plasma
membrane.
At that time, the pre-existance of lons in electrolyte solutions,
and the osmotic phenomena of membranes was already known, Nernst's
book on theoretical chemistry having also been published. Later,

Bernstein added two more postulates to his theory:

(1) +that the resting potential was a diffusion potential
resulting from +he difference In the molarity of
potassium and phosphate ions through the membrane;

(2) +that the action potential was caused by a reduction
of the resting potential resulting from a non-
specific increase of permeabi| ity of the membrane
during activity.

|+ was further Aemonsfrafed +hat the relationship between the resting
potential and the external potassium concentration could be expressed
by the Nernst equation. However, this equation did not consider

the effect of potassium permeability in maintaining the resting

potential (Field et al., 1959).
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The Nernst equation represents the value of the resting
potential that would be obtained if the concentration gradient of
potassium Was the cause of the resting membrane potential. There-~
fore, when the recorded resting membrane potential was observed to
exceed the value calculated by the Nernst equation, it was believed
that the resting potential was generated by some electrochemical
mechanism other than the simple diffusion of potassium ioﬁs. To
explain this divergence between the observed and Nernst theoretical
res+ing potential, Hodgkin (1951) used the modified Goldman (1943)
equation and showed that at least three ions, K, Na and Cl~ were
responsible for the maintenance of the resting membrane potential.

According to recent studies, the cell membrane of mammalian
skeletal muscle has been demonsTrang to possess three interrelated
properties:

(1) that the membrane separates an intracellular fluid,
with a high potassium and a low sodfum concentration,
and an extracellular fluid with a high sodium and low
potassium concentration;

(2) that the membrane is permeable to sodium and
potassium fons, as shown by their continuous flux
across the membrane in radioactive tracer experiments;

(3) that across the membrane there exists an electrical
potential difference of -85 to -90 mV, as measured
by Intracellular microelectrodes.

Despite the cell membrane's permeability to sodium and potassium lons,

the Internal ce.llular composition of these ifons has been noted 1o be
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constant. This has been shown 1o be maintained by an active transport
"pump" process, involving active sodium efflux across a concentration
and electrical gradient and a balancing of the infernal potassium con-
centration, the metabolic energy being»derived from ATP breakdown.

For the transport of cations, it has been necessary to propose the
presence within the membrane of sites capable of transient binding,
which appears to be dependent upon ATP, as this active transport

process has been shown to be linked to ATP breakdown.

2. Action Potentials:

At present there is one generally accepted theory of
actlon potential production. This theory is based upon the move-
ment of ions across the cell membrane, namely an influx of sodium

resulting in depolarization (Hodgkin, Huxley & Katz, 1952; Hodgkin

- & Huxley, 1952b, ¢, d, e). As well, most action potentials of

skeletal muscles have also been noted to be characterized by after
potentials, either negative or positive, appearing |a+é dufing The
repolarization phase. The term 'negative after potential'! has been
used to describe the slow declining membrane potential change
following the initial short duration spike potential (in a mono-
phasical ly recorded acTion potential), During this time the

" membrane fs sTIfI's[ighf1ydepo|afized.‘ Sfmifarly, 'positive after
potential', referred to as an 'undershoot', describes the tfemporary
persistance of the membrane potential, after the spike potential,

at a level below that of the resting potential. Various speculations

and hypotheses have been proposed to explain these after potentials
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In terms of associated fonic movements, Nastuk and Hodgkin (1950)
first showed that the action potential of a frog muscle fiber was
followed by a negative after potential. Desmedt (1953) noted +he
membraneApoTenfial at the beginnlng.of an after potential was
largely independent of the potassium concentration ratio, [Klo/ K1y,
across the membrane. Nevérfheless, because the resting membrane
potential has been known to depend upon the ratio [Klo/[Kly, 1t was
suggested that the amplitude of the after potential relative to the

resflng membrane potential also depended on this ratio. Assuming

the Time course of +he after potential to be exponential (Frank,
1957), it has been further suggested that the membrane was passively
recharged by a constant resting leakage conductance during the

after potential (Frank, 1957; Hutter & Noble, 1960). However,
MacFarlane and Meares (1958a, b) showed that metabolic poisons

such as dinitrophenol and cooling reduced or abolished the negative
after potential, Moreover, Lubin (1957) demonstrated that replace-
ment of chloride in the extracellular fluid by other halides or
thiocyanide Increased both the negative after potential and twitch
tension. It has also been suggested by Frankenhaeuser and Hodgkin
(1956), Frankenhaeuser and Moore (1963) and Persson (1963) +hat a
small delayed increase in sodium bermeabilify could explain most+ of
the properties of the negative after potential. A similar conclusion,
f.e. a rise In the sodium component during the action potential
plateau, was made by Noble (1962) in frog heart muscle., Recently
the observations of Adrian et al. (1970) have suggested that a

delayed réchfying channel could be responsible for rapid Eepolar-
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ization during the falling phase of an action potential and the early
after potential, The positive after potential has been belleved to
be associated with a pronounced decrease In the membrane resistance
(Grundfest et al., 1953), According to The sodium theory of Hodgkin
and Huxley (1952a-e), Thé undershoot of the squid giant axon could
be attributed to an increase In the potassium membrane permeabi|ity.

Electrically, the action potential consists of a transient
depolarlzafion of the cell membrane branglng about a sequence of
processes enabling the elecfrlcal charges to activate @ mechanical
response. Hence, the action potential not only elicits contraction,
but also correlates the nature of the contractile response. This
correlation has been demonstrated by the use of substances which
produce simultaneous changes in certain features of both the action
potential and the twitch mechanical response (Blanchi & Shanes,
1959; Sandow et al., 1965). Thus, specific changes in the features
of the action potential during the mechanical ly effective period,
l.e. the duration of the action potential at the mechanical threshold
level, could be correlated wi+h subsequent changes in the mechanical
response. For example, Sandow et él, (1965) showed that NO3 and 1
mM caffeine, which only prolong the duration of the action potential
by 10% of normal, decrease the mechanical threshold from -50 mV to
-65 mV, producing‘a potentiation and p}dongafion of both the twitch
and rate of rise of tension, Similarly, these workers also demon-
strated that, although heavy metal Tons (Zn or U02) would not change
the mechanical threshold, they would tremendously increase the

duration of the action potential, thus Increasing both the peak
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tension and the duration of Twlfch.l However, the increase‘in rate of
rise of tension was delayed, +hé cause of which was suggested fo be a
prolongation of the spike, in turn prolonging the mechanically effec-
tive period, thus delaying the onset of excitation-contraction coupling
+111 tate in the mechanically effective period. This would be
projected in the mechanical response as a corresponding delay In the
onset of the associated Increase in the rate of rise of tension.
Similar relationships between the shape of the action potential and
the resultant twitch had also been previously proposed by Edwards

et al. (1956) and Lubin (1957). Thus, [t has been generally agreed
that changes in the shape of action potential produce changes In
excitation-contraction coupling, in turn resulting in alterations

of the contractile properties of a muscle.

I1l. EXCITATION-CONTRACTION COUPLING

1. Historical Background:

As has been mentioned, Ringer (1883) was the first to note
~ calclum as being necessary for the contraction of heart muscles.
Later, Locke and Rosenheim (1907), using a caplillary electrometer,
demonstrated that Eemovlng the external calcium resulted in a dis-
appearance of mechanical beat, éoncluding that calcium was necessary
for The'"producfion of the wave of contraction out of the wave of
excitation". Hines (1913) also demonstrated that replacing calcium
in the external solution by the addition of srtt greatly prolonged

both the electrical and mechanical responses, compared to those In a
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normal calcium medium, this being further supported by others (Daly
& Clark, 1921; Bogue & Mendez, 1930). Later, Heilbrunn (1940, 1943)
suggested that the release of calcium from the cell cortex lead to
the coagulation of iﬁTracellular muscle proteins, in turn resulting
in muscle contraction. Hellbrunn and Wiercinski (1947) further showed
+hat calcium in a concentration as small as 0.2 mM was able to produce
contractions, concluding it to be the only physiological ion capable
of this effect, although Bat* and srtt could a[so induce contractures.
This work of Heilbrunn and Wiercinski was against the theory of
Szent-Gydrgyi (1945), who, working with purified proteins, contended
that, because ca*t and Mg++ were strongly bound by myosin and thus
immobilized, it was the movement of K* which conditioned contraction
or relaxation. However, Sandow (1952) pointed out that contraction
of the muscle depended upon the excitation of the membrane, thus
postulating that, at the surface during excitation, a substance was
released which moved inward fo the contractile machinery to initlate
contraction. He termed this sequence of events "excitation-contraction
coupling", further demonstrating by massive stimulation of the muscle
t+o eliminate local currents that longitudinal currents played no
role in excitation-contraction coupling. This conclusion of Sandow's
was also based on previous work by Kuffler (1946) which had shown
+hat a muscle could not develop local currents during Kt induced
contractures because the membrane potential was constant over the
entire length of each fiber.

Later, Niedergerke (1955) showed, by the electrophoretic

.applicafidn of Cat , that during a current pulse the muscle would

o



develop a local contraction, followed by partial relaxation when
the current was terminated. From this he concluded that calcium
was playing a role as a link In the contractile cycle. Similarly,
Caldwe[l and Walster (1963), by the Injectlon of 1 to 50 mM CaCl2,
SrCl2, BaCl2 and caffelne Into single muscle fibers, obtained con-
tractions, which approximately were of the same duration for low
concentrations of these substances with the same molar quantity.
The explanation of these resul+ts was based on the assumption that
such substances caused a release of Ca'' from a binding site, one
which Had also been proposed previously by Frank (1962).
Constantin et al. (1967) also demonstrated in skinned

++
frog muscle fibers that Ca  could induce local contractures.

2. Calclum Fluxes During Contraction:

In 1957, Hodgkin and Keynes showed Qa“s to be accumulated
In the resting squid giant axon with an increase in influx during

electrical stimulation and K+ depolarization. Similarly, Bianchi

and Shanes (1959) showed the Influx of calcium per twitch (potentiated

by NO3) to be thirty times greater in muscle fibers than in stimulated

nerve. A further observation was that an increased external calcium

concentration Increased the resting Influx, but not the influx during
activity, suggesting separate membrane sites of calcium entry for the

two proéesses. Lafer, Shanes and Bianchi (1960), using frog sartorius

muscle, studied Ca“*S release during electrical stimulation and K

contractures, finding the efflux per twitch was the same as the

influx per twitch, and that the release of Ca*s during a K" contracture
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was dependent upon the extent of contracture, suggesting the short-
ening process influenced Ca"5 efflux. At the same time, Winegrad
(1960) demonstrated in the guinea plg heart, that an increased rate
of stimulation was parallelled by an Increased Ca++ uptake per beat.
In view of the results of Bianchil and Shanes, and those of Winegrad,
I+ would appear +ha+ there was a quantitative correlation between
The s+reng+ﬁ of contraction and the amount of Ca++ entering the
cell. However, Weiss and Bianchi (1965) showed that although frog
sartorius muscle had a greater Ca++ uptake in nitrate than chlorida
Ringers for potassium concentrations between 16 and 32 mM, but not
for 48 to 80 mM, the maximum developed tension plus the fension
curve area increased over the range 16 to 80 mM K , suggested Ca+*
influx not to be quantitatively correlated with changes in the
tension curve area during K+ contractures.

Some evidence has been presented for catt being firmly
bound on Intracellular sites within the muscle fiber (Hodgkin &
Keynes, 1957; Harris, 1957; Gilbert & Fenn, 1957; Shanes & Biahchi,
1959), For example, Harris (1957) showed prolonged soaking of frog
muscles in Ca"S exchanged only 10 to 25% of the total catt. Moreover,
upon exposing these muscles to an EDTA, catt free solution, not all
the pdnfained Ca"5 was observed to elute, thus suggesting a "bound"
fraction. However, because these experiments were performed at 4°C,
the values of Shanes gnd Bianchi of 38%, and Gilbert and Fenn of 39%,
exchangeable Da++ at room Tempefafure, would probably be more

representative. From this demonstration of catt compartmentalization,
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the theoretlcal distribution of muscle Ca’t has been conceived as
follows: a "membrane" or loosely bound Ca++, relatively freely
exchangeable, Its Influx probably being associated with contractures
produced by agents such as K+; a store of bound Ca++, not as freely
exchangeable, probably being localized on ‘the membrane and/or sarco-
plasmic reticulum; and, as suggested by Cutfls (i970), an intra-
cellular Ca++, probably being firmly bound in various Intracellular
sfofes.

In an attempt to determine the mode by which calcium Induced
contractures, HIll (1948) calculated the time required for calcium to
diffuse from the surface membrane to contractile proteins, noting It
to be significantly longer than the time observed between the generatlion
of an action potential and the mechanical response. Winegrad (1961)
and Frank (1961) furthermore showed that the amount of Ca’' influx
during stimulation alone was not sufficlent for confhacflon.
Similarly, Weber é* al. (1963a, b) and Portzehl (1964) demonsfrafed
The‘Ca++ threshold concentration required for activation to be
larger than the Ca’t influx concentration during a Twifch, as observed
by Blanchl and Shanes. Sandow (1965) showed the difference befween
these two concentrations to be 10 to 100 fold. Thefefore, it
was suggested that speclal mechanisms existed to Increase The release
of ca*t during activity. Even though nd net galin or ioss of Ca't
occurred, It éppeared Thafbmarked shifts occurred in localized intra-
cellular reglons of individual fibers during activity., Hence, Blanchi

(1961) suggested that Ca++ Influx during stimulation was due to an

uncharged calcium fon palr. Hodgkin and Horowicz (1960) also postulated -
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that depolarizafion‘lnITIaTed contraction by allowing. the entry of an
activation particle, possibly a negatively charged calcium ion complex.
Therefore, it was possible that in fast skeletal muscles, the entry

of ca™ Involved the release of further larger amounts of ca™ trom
cellular stores, either on the membrane or on the sarcoplasmic reti-
culum,

Bianchi and Shanes (1959) also demonstrated the necessity
of an external ca't concentration In relation to I+s influx during
activity. Similarly, Frank (1958, 1960, 1961) showed that K+ Induced
contractures were raplidly Inhibited In a Ca++ free solution, this
Inhibition also being shown to occur without a change in the degree
of K* Tnduced depolarization or In the resting membrane pofenf!al
(Frank, 1958, 1964). The abqve worker further demonsfrafed fhaf The
rate-limiting step iIn this Inhibltion of k* induced contracture was
the alffuslon of Ca't from the extracellular space, as the muscle
slze, rather than fiber slize, determined the time period required for
Inhibition fo occur. Thls was further proven by the use of EDTA in a
Ca++ free solution, causing the Inhibitlon of K+ Induced confracfures
+o occur more rapidly. Frank (1961, 1962) also showed that somé
multivalent metallic cations (CO++ and Ni'") were capable of sub-
stituting for Ca++, allowing K+ induced contractures to take place
in a Ca++ free solution. The means by which these Ions-assisfed in
producing a contracture was considered +q be different from that of
Ca++, Frank himself bellevlngvfhaf these lons released Ca++ from

binding sites, In turn resulting in a contracture.
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3, Intracellular Organelles and Contraction:

Bozler (1954) noted that the contractile activity of the
glycerol extracted muscles depended upon the presence of Ca++, which
In relaxed flbers and the presence of ATP, caused contraction,
while the addition of EDTA caused relaxation. Similarly, In the
presence of ATP and Mg++, ca™ in small concentrations was observed
fo causé contraction, and In higher concentrations, relaxation.

Bozler therefore suggested the action of a relaxing factor and of EDTA
were explalnable by the inactivation of Ca++‘by these subsfances.
Later, Eabshl (1961) showed ca™t to be necessary for ATPase acflvlfy
and the superprecipitating actomyosin, while the ca™t binding
achvITies of various chelating agents dlrecfly correlafed wlfh Thelr
contracture relaxing abllity. Weber and Winlcur (1961a, 1961b)
further showed this contractile activity to be demonstrable in an
actomyosin system upon the addifion of Ca*t at a concentration
greater than 1075 M, when ATP, Mg++ and éne of the several relaxing
factors (EDTA) was present. Likewise, they (1961b) found that when
the Mg++ concentration was greater than 0.01 mM, the absence of catt
Inhibi+ed superprecipitation of actomyosin. Furthermore, they des-
cribed two possibilities of Ca_l++ action:

(1) cat couldlcomblne with acTohyosin, Initiating

contractlion; or,

(25 ca™ could Interfere with a reaction between a

relaxing factor and actomyosin.

To clarlfy this, Weber and Herz (1963a,b) showed Ca++ to be exchange-
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ably bound to actomyosin and myofibrils, the consequence of this
bindlhg being activation of ATPase activity aﬁd superprecipitation.
I+ was further noted that upon lowering the Mg++ concentration, the
binding of catt to myofibflls in the presence of EGTA was greater |
+han TBaT bound at higher Mg++ concentration in the absence of EGTA,
with superprecipitation accompanying Increased catt binding. These
experiments suggested the exlstence of two or more Ca++ binding sites,
l.e. In the presence of Mg++ or Mg-ATP, only one of these sites was
saturated with Ca++, Qifh only half as much Ca++ being bound as when
Mg++ was absent. |f the concentration of Mg++ was lowered, however,
additional Ca'" could be bound to a second site.

Ebashi (1963) demonstrated that although extracted acto-
-myosln possessed Increased ATPase activity, superprecipitation with
ATP, and increased Ca++ concentration, the reconstituted actomyosin
did not. A protein substance similar to tropomyosin was found to
be necéssary for the restoration of actomyosin sensitivity to Ca++,
therefore Indicating that a tropomyosin-like protein called troponin
might be the site of catt combination on the contractile proteins.
Weber et al. (1963a, b) fuffher suggested that the ATPase activity of
“actomyosin In the presence of Mg++ was a resultant of the anzymaflc
actlon of actin lncfeaslng the relatively low rate of ATP hydrolysis by
myosin. ‘Hence, the relaxing agents could prevent actin from activating
myosin ATPase activity. Furthermore, the presence of ATP in concentrations
greater than 1075 M was found to Inhibit ATP hydrolysis, plus con-
traction. However{ in the presence of Ca++, actomyosin and myofibrils

were observed to exhibit contractile activity by means of the formation
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of a Ca'' complex. Ebashl and Endo (1968) have suggested that the
formation of a complex containing Ca++, +ropomyosln and troponin

Is tnvolved, and ih}s complex Inhibits the interaction of actin and
myosin In the presence of Mg, ATP and in the absence of Ca++. The

addition of Ca++ then produces ATPase activity and superprecipitation.

4. |Intracellular Bound Ca++:

From the preceding discussion, the contractile activity of
muséle appeared to be controlled by the Intracellular catt concen=-
tration, In turn Influenced by Ca++ fluxes. From the work of Harris
(1957), Gilbert and Fenn (1957) and Blanchi and Shgnes (1959), the .
basis for compartmentalizing intracellular bound stores of ca*t
represented a site of flux regulation. Early support of this came
from Marsh (1952) who demonstrated }ha+ the supernafanf fraction of ‘
muscle homogenates caused a ten-fold lncreaée in the ATPase activity
and contraction of myofibrils, from which he assumed +his fraction
to contain a relaxing factor. Later, Bendall (1958) found this
‘relaxing factor to be related to the presence of 'granules', which
subsequently were demonstrated by Ebashi and Lipmann (1962), and
Muscatello et al. (1962) to be vesicles of the endoplasmic reticulum
or the sarcotubular system and to exhibit ATP and ATPase dependent
ca’t aécumulafion. This was further supported by the findings of

Hasselbach and MacKinose (1961, 1962) that these relaxing granules
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of the "endoplaSmIc reticulum" had a preferential upfaké, from a
solution contalning Ca++, Mg++, oxalate and ATP, of large quantities
of Ca++, present in the granules as oxalate. The relationship between
Ca++ concentration, the activity of the catt pump, ATPase splitting,
and a phosphate exchange was found to be directly correlated.
Furthermore, Weber et al. (1963a, b) noted that during a "contractile"
response, fragments of the sarcoplasmic reticulum were capable of
removing most of the exchangeable Ca++ bound to actomyosin or myo-
fibrils, and consequentally, directly related to the Inhibition of
contractlile activity. Later, Weber et al. (1966) further sqggesfed
+hé+ catt binding within the sarcoplasmic reticulum was in equlili~
brium with the intracellular Ca™t concentration. This was followed
by Hasselbach and Seraydarlah's (1966) demonstration that, of three
types of sulfhydryl groups, one, Type A, located on the external
surface of the sarcoplasmic reticulum membraﬁe, was involved in
ca™t transport and ATPase splitting. This was conflrmed by Costantin
et al. (1965), who demonstrated the accumulation of exfernally applied
ca™ in the terminal sacs of the sarcoplasmic reticulum. Furthermore,
it was proposed that the pfoxlmify of these lateral sacs to the T-
fubuleé Implicated them In a role of Ca’ release as required for
conf}ayflon Ianlafion.

By means of autoradiographic techniques, Winegrad (1965)
elaboraTéd on the Intracellular movements of calcium. He found
that, although In resting muscle Ca*5 was localized to the lateral
sacs, during K+ Induced contractures, it migrated into the region of

actin-myosin overlap in amounts Increasing as a function of the con-
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centration of K+ and tension produced. Using the same techniques,
Winegrad (1968, 1970) recently studled the movement of Ca*5 during
a maintalined tetanus, during the declining phase of tetanus, and
durlng'+he period Imhediafely following. From this he showed that
there were three sites at which the isotope was concentrated:

(1) +the terminal clsternae; |

(2) the Intermediate cisternae and longitudinal tubules;

(3) the "A" band portion of the myofibrils.
Moreover, during a tetanus, he observed that the majority of the myo-
fibrillar Ca"S was localized within the thin fIlament region of the
sarcomere, the amount varying with the tension developed. As a
consequence of this work, Winegrad suggested that Ca+f was released
from the ferminal cisternae by electrical stimulation and rebound by

the longlitudinal tubules and intermediate cisternae, resulting In

muscle relaxation.

5. Caffelne and Ca++ Movements:

While trying to define the action of caffeine and its effects
on-calctum fluxes In normal frog muscle, Bianchi (1961) noted that 5 mM
c;ffélne fncreased both the resting Influx and efflux by three-fold,
independent of the exfernél Ca++ concenfraTIon; He also observed Thaf
In the presence of caffelne and Independent of the external calc?um
concentration, the calcium uptake to be Increased in K+ depolarized
. muscle,. but not the rapid transient high Ca++ influx at The beginning
of a K+ Induced confracfﬁre. FurThermore; since caffeine confracfures

could be ellciféd in the absence of calclum, Blanchi concluded that
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the Increased calclum Influx was not the basis of a caffelne contracture.
Further WOfk By Caldwell and Walster (1963), using the external appli-
cation of 5 mM caffeine to crab muscle fibers to produce a sustalned
contracture, demonstrated no initially significant reduction in the
membrane potential, andifhaT contractures could be obtained both when
the fibers were depolarized with k" and during the repolarization
phase. Also, the injecTioﬁ of Ca++ and caffeline each, was shown to
cause a contracture In normal polarized and.K+ depolarized fibers.
Moreover, Axelsson and Thesleff (1958) noted that the effect of caff-
eine on contractures was independent of the external calcium concen-
tration, leaving the resting membrane potential and transverse mem-
brane reslstance unaltered. Thus, it was suggested that caffeine
acted at a site subsequent to membrane depolarization, i.e. membrane
depolarization was not a prerequisite for caffeln'sAconTracTile
activity.

The above observations could be integrated into a plausible
explanation if it was assumed that caffeine reduced the binding of Ca' "
on the surface membrane and/or sarcoplasmic reticulum, thus Increasing
the intracellular free ionic Ca++, in turn increasing the Ca++ efflux.
Supporting this, Bianchi (1962), and |saacson and Sandow (1967) have
vshown caffeine to enter and freely move through frog and rat muscles,
thus being capable of action at internal sites such as the sarco-
plasmic reticulum., Moreover, Naylor (1963) showed that caffelne
Induced a positive inotrophic response In the toad ventricle, causing
Increased Ca'™ fluxes and abolutlon of the 'stalrcase'! phenomenon.

The latter could be explained in terms of Increased catt permeabli | ity
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of ‘the membrane and sarcoplasmic reticulum, and therefore a functional
refractoriness to the signal normally leading to graded increments of
catt release. Similar actlions of caffeine were proposed by Mambrinian
and Ben§l+ (1963) and Delga and Foulhoux (1963) to explain the de=-
curarizing action of caffelne at the neuromuscular junction, I.e. that
caffeine Increased the mobilization of Ca++, in turn releasing more
acetylcholine, As well, Nagal and Uchida (1960) had previously
demonstrated caffeine-contracted flbers to relax with crude muscle
extracts containing relaxing factor. Herz and Weber (1965) later
clarifled the above observations by finding caffeine In concen-
trations of 8 fo 10 mM to Inhibi+ Cat™ uptake by frog sarcoplasmic
reticulum, and to release 20 to 40% of the bound Ca++ from the sarco-
plasmic reticulum after the maximum ca™t uptake had been reached.

This meant that caffelne elther caused an Inhibition of the abllity

of the sarcoplasmic reticulum to accumulate da++, or decreased the
efficiency of the Ca++ pump . '

Caffeine has also been shown to potentiate the twitch in
concentrations of 0.05 mM to 4 mM and to produce contractures in
concentrations of 2 to 5 mM In frog muscle fibers (Axelsson &
Thesleff, 1958; Frank, 1962; Sandow & Brus+, 1966), Furfhermore;

‘Sandow (1965) has shown that caffeine produces changes In the action
potential similar fo the lyofrophlcvanlons, l.e. a reduction in the
mechanical threshold, and the divalent metallic cafions; l.e; a
prolongation of the action potential. Although The acfion of bofh
caffelne and divalent catlons result In increased Ca't release during

-activation, the fons have been believed to act on the surface membrane
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in mediating changes in the action potential, while caffeine has been
thought to act at an intracellular site. From the recent |iterature,
Sr++, although not physiologically present, has been shown fo be sim-
Ilar to Ca++ in supporting excitation-contraction coupling. For
example, Edwards et al. (1966) demonstrated K+ induced contractures’
in frog muscle to be supported by Sr++, and caffelne contractures to
be partially restored by the presence of Sr++ In a Ca++ free medium.
These findings were also correlated with an Increased st uptake
during activity. In addition, Naylor (1965) reported that Sr'" was
t+he only fon capable of substitution for ca™ In cardiac muscle.
Desplite these observations-in frog muscle, Gutmann and
Sandow (19655 reported that normal mammalian skeletal muscle falled
to produce contractures even In 20 mM caffelne concentratlions. For
+this to occur, denervation appeared to be a prerequisite. Recenfly; .
however, Buss and Frank (1967) and Frank and Buss (1967) reporfed

+hat normal mammal ian skeletal muscle was Indeed sensitive to caffelne.

6., Model for Excitatlon~Contraction Coupling:

From the description given so far, a summary of the role
of Ca't in echTaTIonfconTracflon coupling can be presented with a
minimum of hfsToIoglcal detail. When a muscle Is electrically stimu-
lated, the fiber surface membrane becomes highly permeable to Na+ fons
with a resultant depolarization, which is transmitted through the T-
tubules (ihvaginafions of the surface membrane). This depolarization
could permit either the displacement of Ca't across the cell membrane,

or the release of bound ca™ from the terminal cisternae of the sarco-



plasmic reticulum. The second is more important In fast muscles.

This released lonic calclum could sufficiently raise the free lonic

calclum concentration in the sarcoplasm to activate the actomyosin-ATPase

and Initiate contraction. An alternate possibility Is the transmission

of the signal propagated along the surface membrane and T-tubules

across the juncfionvof the T-tubules and adjacent terminal cisternae

with a resultant increased permeabi | ity of the terminal clsternae

and release of Ca++; one mode of transmission plausibly being an

electrotonic pulse., As a consequence, the released Ca++ could then

diffuse from the terminal clsternae under a large concentration

gradient to activate the myofibrils. Regardless of the mechah]sm,

however, the role of Ca++ is primary for contraction. Hence,

relaxation most probably Is governed by the removal of Ca++ from the

contractile proteins by the Ca’ pump of tThe sarcoplasmic reticulum.
From the above model, it is evident that many detalls of

Thé processes Involved in the excitation-contraction coupling cannot

be explained at the present time. For example, the exact mechanism

by which intracellularly bound Ca++ Is released, or by which It is

sequestered by the sarcoplasmic reticulum from the contractile pro-

+elns remain unknown.
IV. DISRUPTION OF T-TUBULES.

In the last few years, a ‘technique has been developed to

selectively disrupt T-tubules. The Initial observaflons were made by
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Fujino et al. (1961) and Yamaguchi et al. (1962), who noted that a
hypertonic solution of glycerol or urea had a different effect on
muscle compared to a hypertonic solution of sucrose or NaCl. This
effect was the disappearance of mechanical activity with the pre-
servation of normal electrical activity, I.e. +he action potential,
in preparations exposed for 1 hour To 400 mM glycerol and returned

‘e .

+o normal isotonic solutions. By electronmicroscopy, Howel | and
Jenden (1967) and Eisenberg and Elsenberg (1968) demonstrated the
only damage to these preparations was disruption of the T-tubules,

+he mechanism of which remains clouded. Recently, Howell.(1969)

suggested that the removal of glycerol, after it penetrated the muscle

fibers during their exposure fo +he hypertonic solution, caused

disruption of T~tubules by an osmotlic phenomenon. For this he offered

two possible mechanlisms:

(1) +that during exposure, glycerol penetrates the fiber,

only to elute in exchange for an influx of water when

+he isotonic solution Is restored, the sites of
exchange being between the sarcoplasm and the extra-
cellular space, and the T-system and the extra-
cellular space. ‘If elther the glycerol efflux or

water influx occurs faster at The former than the

latter site, an osmotic gradient could develop across

the T-system membranes causing swelling or disruption

‘of the T-tubules.
(2) that In a hypertonic glycerol solution, the fibers

shrink, while upon return to an Isotonic solution
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they swell, the volume changes being due to the
efflux and Influx of water at rates faster than
those of glycerol., Thus, a faster Influx of water
Into the sarcoplasm than efflux of glycerol from
the T-tubules could establish an osmotic concen-
tration gradient across the T-system membranes,

causing them to disrupt.
V. MECHANICAL PROPERTIES OF DENERVATED MUSCLE

Recently, Padsha (1968) and Padsha and Winchester (1968)
studied some mechanical properties of denervated muscle, observing
that the mechanical responses of normal and denervated muscle differed
from each other, the degree depending upon the environmental temper-
ature. - For example, they found denervated muscle developed a maximum
twitch tension at 35°C, the tension droppling progrésslvely to very
low values at 10°C, whereas normal muscle developed maximum twitch
‘tension at 17°C, the tension decreasing above and below this temp-
erature. They also observed that denervated muscle developed less
tetanic tension than normal muscle at all temperatures, although the
twitch tension ratio at 35°C was greater In denervated muscles.
Moreover, the maximum raTe of rise of tension In twitch was always
greater In normal muscle for all the temperatures, while the duration
of the actlve state was longer In denervated muscles above 20°C.

FLlTTIe Is known about the relation between changes in the

fonic fluxes, changes in the electrical and mechanical properties of



denervated muscle. Since changes in the exclitation-contraction
coupling may produce changes In the mechanical properties of the
huscles, and since Ca'@ is belleved fo be one of the most Important
tons responsible in linking excitation of the membrane to the con-
tractlion, it was suspected that changes in Ca++ fluxes could be
Involved In many of the observed mechanical property changes in
denervated muscle. Hence, the purpose In undertaking this project
was to study In normal and denervated muscle, passive Ca++ f luxes,
plus some electrical properties In an attempt to correlate changes
ih these with changes }n the mechanical properties of denervated

muscle,

36.
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MATERIALS AND METHODS

Denervation:

Adult white albino female rats of Wister strain, welghing
200 to 350 g, were used throughout the experiments reported here.
For denervatlon purposes, the rats, under ether anesthesia, were
Injected Intraperitoneally with sodlum pentobarbital, 25 mg/kg of
body weight. The left hemidiaphragms were then denervated by first
I1fting the digastric muscle, making a small Incision through the

sternohyold muscle to expose the region where the phrenic nerve crosses

+he brachial plexus, and about 1 to 2 cm of the nerve was exclised. The

incision was closed with surgical clamps. The reason for denervating
the left hemidiaphragm was because of the easier access In exposing
the left phrenic nerve as it crosses the brachial plexus. For the
purpose of sterillization, the surgical Instruments were boiled fof

15 minutes prior to denervation. In a few animals, sham~denervation
was done by exposing, but not touching, the left phrenic nerve. These

animals were kept on a normal diet.

Solutlons:

The normal.mammalian Krebs solution used was a slightly
mod|fied Krebs—Henselel+vsolu+ion and unless o+herwfse stated, had
the ?ollowing composition: NaCl, 1i8 mM; KCI, 4.8 mM; CaClo, 1 mM,
MgSOy, 1.2 mM; KHyPOy, 0.8 mM; NaHCO3, 25 mM; glucose, 5.55 mM; pH, 7.3.
'All the chemicals were obtalned from Fisher Scientific Company and were

of ‘analytical grade. In order to avoid spontaneous twitching, Procalne
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(0.25 mM) was added fo the Krebs solution. Thls use of Procaine
corresponded to that of Feinsteln (1963) for frog sartorius muscles,
who showed that relatively low concentrations of Procaine (l.e. up to
0.367 mM) did not block the release of Ca*5 produced by 2.5 mM
caffeine, and that of |saacson and Sandow (1967), who found that 0.25
mM Procalne did.not interfere with the effect of 20 mM caffelne on rat
EDL muscles. Although Procalne has been shown to cause a profound
Inhibi+ion of active calclum transport by isolated sarcotubular
muscles when used In 15 fo 20 mM concentrations (Wilcox & Fuchs, 1969),
no effect, when used in 2 tfo 5 mM concentrations, was observed by
Carvalho (1968) on either the release or inhibition of célclum from
Isolated fragmented sarcoplasmic reticulum at rabbit skeletal muscle.
Similarly, Kuperman et al. (1968) showed that 7 to 10 ml Procaine was
required to produce a measureable and consistant release of Ca*5 from
frog sartorius muscle and desheathed sciatic nerve. As a further
check, Tubocurarine chloride (10 mg/1) was used In some experiments,
there being found no difference In the calcium uptake or release for
either Procaiﬁe (0.25 mM) or Tubocurarine (10 ml/1). Thus, although
Procaine could cause a block or release of calcium, the concentrations
Eequired would be much greater than 0.25 mM, which was used In the Krebs
solution. Hence, the concentration 0.25 mM Procaine was chosen as

|saacson and Sandow (1967) have successfully used it for mammalian

muscles.

Dissection:

When desired, the animals, under ether anesthesia, were



sacrificed by opening the thorax. The whole diaphragms were then
exclised and transferred Immediately to the normal mammalian Krebs
solution.

In those experiments where cut strips were used, 6 to 10
mm wlde; slightly triangular strips, four from each hemidiaphragm,
were cut lengthwise from tendon to ribs, with a plece of attached
rib at the base, and transferred to a bulk (600 ml) of Krebs solu-
+1on through which a mixture of 95% O, and 5% CO was bubbled. In
the experiments employing hemidiaphragms, after removal, each was
first separated, washed In Krebs solutlon, and then allowed to
equilibrate In a bulk of Krebs solution at room temperature for a
minimum of 1 hour. Fifteen minutes prior to any.experimenfaflon,

+hese were then transferred to 100 ml Krebs solution at the desired

temperature.

Efflux Experiments:

For both the efflux and Influx studies of calcium the
standard techniques of Shanes and Blianchi (1959) were used, which
are described here.

The efflux experiments were done In two series. In one,
muscle strips were used with a small plece of rib attached, as it was
extremely difficult to exclse this without damaging the muscle
fibers, which terminate via a short tendon In close conjunction to
the ribs. The strips were fixed vertically in elther:

(1) a specially constructed chamber with a temperature-

controlled water jacket; or,
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(2) a test tube placed directly in a water bath.

In both, the lower ends of the muscles were fixed to a si | iconlzed
glass rod while the upper end was attached by a stainless steel wire
+o a force transducer. The resting +ension of the muscle was kept ig.
The muscles were .lo‘aded for 2 hours in 5 ml Kreb; solution containing
1 pc/mli Ca'5, obtained from New England Nuclear Corporation, Boston,
U.S.A. After loading, those muscles mounted in the chambers were
washed quickly 3 times to remove ’surface adsorbed Ca'*5 and then
washed in non—radldac‘rlve Krebs solution for 3 hours. The effluents
were col lected every 10 minutes and replaced by fresh solution. When
‘+es+ +ubes were used, after loading, -I“»he muscles were rinsed for 5
seconds In non-radioactive Krebs solution and then fransferred to
+est tubes containing 5 ml of non—radioactive Krebs solution every
10 minutes. At the end of 3 hours washing, the muscles were

removed from the chambers or +est tubes, Iigh“rly'blof'l'ed 3 times,

and thelr wé’r weights determined. '

Because of the.possibil i'l‘& of Ca%3 contamination from the
attached rib, in the second series of experiments, .The muscle strips
were cut as above, four per hemidiaphragm, and loaded for 2 hours in
60 m! Krebs solution confai'ning 1 uc/ml Ca*5. These were washed for
different lengths of +ime In a 100 ml Krebs solution which was changed
"every 10 minutes, the effluents being discarded. Instead, at the end
of each period, a small plece of muscle was exclsed from the center of
the strips and weighed. Usua I'-ly "sl>;+een strips from four different
hemidiaphragms, either normal or denervated, were used fo cons‘frué‘l’

one slngle efflux curve. Thus, by this technique, what was belng

e ot
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'measured was the Ca5 remaining In the muscle itself at The end of

each washing time, not that coming out during this period.

In using cut sfrlps, there was also a possibility that
some of the calclum may not elute through the sarcolemma but through
the cut edges of the strips. In order to avoid this, whole hemi-
dlaphragms were |oaded for 2 hours In 100 ml Krebs containing 1 uc/ml
Ca'*5, then washed for different +1me periods in 100 ml Krebs sol-
utfon which was changed every 5 minutes during fhe first 30 minutes
and then every 10 minutes thereafter. At the end of each washing
period, a small plece from the center of each hemidiaphragm was
exclsed,.bloffed Iightly 3 times and welghed. Ca'*S remaining in
+his central piece was then measured by liquid scintillation counting.
The results were presented as Ca space (ml/g) which was obtained
by dividing the radloactivity remaining in 1 g of‘muscle by the
specific actlvity of 1 ml of loading solution. The reason for
presenting them in terms of Ca spéﬁe was to enable them to be ex-
pressed Independently of the external calcium concentration. The Time
constants were derived from a regression line, drawn by least square

method using |.B.M. computer.

Influx Experiments:

For calcium influx studies, both the cut strips and whole
diaphragms were used. For- influx rate measurements, these muscles
were loaded In 60 ml Ca*5 Krebs solution for 5, 10 and 15 minutes,
and then washed for 1 hour to remove the extracellular Ca'*5. Radio-

aéfivlfy_remalning in the central piece of the muscles was then
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measured and converted into Ca space as described previously. Since
the molarity of calcium in our solutions was 1 mM/ 1 i+er, the actual
amount of calcium/ml is 1 umole. |+ also means that whenever the Ca
space Is 1 ml/g, the actual amount of calcium Is 1 uymole/g. Thus,
for the calculations of rates of Influx, the Ca space in ml/g was
divided by loading time In seconds.

For Ca space measuremen*é, +he muscles were loaded at varying
+ime periods up to 480 minutes. |f the total (intracellular plus
extracel lular) Ca space was to be measured, the muscles immediately
after loading were stirred vigourously for a few seconds In two
changes of 50 ml of 400 mM sucrose solution to remove the surface
adsorbed Ca"*5, blotted lightly 3 times on filter paper, and weighed;
When the Intracellular Ca space was to be measured, the muscles
after loading were washed either for 60 or 90 minutes in 100 ml

Krebs solufion to remove the extracellular Ca*S and ‘then proceeded

as usual.

In Vivo Experiments:

In another experimental series for s+udylng the efflux and
Influx of caicium, the loading of the muscles was done in vivo. Thé
animals were kept under nembutal anesthesia (6 mg/kg) and the left
external jugular vein was exposed, and 1 ml of normal sallne containing
10 uc/ml Ca”s,'was injected. After 15 minutes of injection, the
diaphragms were excised, rinsed in two changes of 100 ml of 400 mM
sucrose solution, blotted and weighed. For intracel lular calcium

uptake or for efflux studies, the diaphragms were washed in 100 ml



of non-radioactive Krebs solution for a desired time, the bathing
medium being changed every 10 minutes, and the Ca'S remaining in

+he muscles after this time was measured.

Extracel lular Space:

For the measurement of the extracellular space, Inul In-C1*

~ was used. Whole diaphragms were loaded for various time periods from

2 +o0 120 minutes In 60 ml Krebs solution, containing 0.25 uc/mli
Inulin-C!*, at the end of which, +he muscles were quickly rinsed In

two changes of 50 ml of 400 mM sucrose solution, blotted and weighed.
The radloacfivl+y remaining in the central piece of +he diaphragms

was then measured and Inul in-C!"* space was calculated as described
previously for the Cal* space determination. Since the Inulin-Cl*
Infracellular space saturation curves reached a plateau between 60 and
90 minutes, the muscles were loaded for 2 hours as a precaution. Hence,

+he results were presen+ed as Inulin-Cl* extracellular space tml/g)

of muscles at the end of 2 hours loading.

Digestion and Counting Fluor:

At the end of each experiment, +hé muscles were transferred
+o the standard 20 ml liquid scintillation counting vials and digested
directly in NCS. NCS, a product of Nuclear Chicago Corporation,
[1l1inols, U.S.A., Is a 0.6 N toluene-soluble quafefnary ammon|um
base. MHansen (1967) has shown its superiority as a solubilizer for
blological materials. One ml of NCS was used for digesting 20 mg

or less of muscle, complete digestion occurring within 2 hours at
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. 60°C with continuous shaking. At the end of digestion, to each Qlal
14 ml of counting fluor was added as well as 0.25 ml 30% hydrogen
peroxide as a bleaching agent to remove any extraneous color which
might alter the counting efficiency. Similarly, to the effluents
from each efflux experiment, 14 ml of the counting fluor wés added,
Alfhough numerous methods were avallable for the preparation
of liquid scintillation counting fluors (Hansen & Bush, 1966; 1967;
Rédkin, 1967; Radim, 1964), the choice was made of that given by Bruno
and Christian (1961) because It can take more than 30% water. This

counting fluor (also known as XDC fluor) was prepared according 1o

“* the following formula.

PPO (2, 5-Diphenyloxazole) = 10.0 gms
POPOP (1, 4-Bls-[2-(5-phenyloxazolyi)]-benzene) = 0.5 gms
Naphthalene ' = 80.0 gms
Xylene = 143.0 ml
1, 4-Dloxane = 428.0 ml
= 428.0 ml

Ethylene Glycolimonobufyl Ether (Butyl cellosolve)

PPO and POPOP were that of scintillation grade and were
obtalned from Fraser Medical Suppllies, Ltd., Vancouver, B.C. The

rest of the chemicals were F[shers' certiflied reagents. This fluor

Tobk 2 to 3 days to prepare.

" Countlng of Radiocactivity:

The estimation of both the radiocactive Ca'S and ClY was
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done by counting the samples on Picker Nuclear Scintillator Model
Liquimate 220, The samples from each experiment were counted for

10 minutes, corrected for background‘and quenching (according to the
procedure given {n manufacturer's manual) and the data was then

used for further calculations,

Recording of Twitch Tenslion:

For the recordings of {sometric twitch tensions, the
muscles were placed horizontally in the upper part of a muscle
chamber, +hé lower part through which water circulated from a water
bath (LO-Temptrol, Model 154 - Precision Scientific Company?. The
bath's temperature was controlled by a Tele~thermometer, Model 73 |
(Yellow Springs Instrument Company, lnc.; U.S.A.). By stainless
steel hooks, one end of the muscle was attached to a fixed stainless
. steel rod which also was used as a stimulating electrode. The other
end of the muscle was attached to a Statham G1-4-250 force transducer
whose output was amplified by a Sanborn transducer amplifier -
Indicator, Model 311A. A platinum electrode was placed on the .
muscle, 1.to 2 cm away from the fixed stimulus elecffode. Both
t+he electrodes were connected +o-a Grass Stimulator, Model S4,
+hrough a stimulus isolation unit, also from t+he same company.

All the recordings were made on Tektronix Type 549 storage oscillo-=
scope and photographed by a Kymograph Camera, Model C4J. The
muscles were always kept immersed In the running oxygenated Krebs
soluTIo;. For this purpose, oxygenated Krebs sojution was drawn

from a reservoir through a coll of stainless steel tubing passing
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through the water-filled lower part of the muscle chamber. Thus,
when it emptied Into the upper part of the chamber, it had equili-
bréTed to the deslred temperature. The excess of the fluid was
removed by suction Into a collecting jar at the other end of the
chamber.

The muscles were alwaYs stimulated supramaximally.
Usual.ly a 10 msec pulse was used for this purpose. Before each
experiment, the resting length of the muscle was determined by
stimulating the muscle at zero resting tension and then gradually
Increasing the length while recordfng +he corresponding twitch.
This was continued until a maximum twitch tension was obtained,
the corresponding length being taken as the resting length of the

muscle, and was used for further calculations,

Recording of Action Potentlals:

For recording the action potentials Intracellularly, glass
microelectrodes, pulled from 0.9 to 1.1 mm.Kimex tubing with a
microelectrode puller, Model M1 (lndustrial Science Associates, Inc.,
New York) and filled with 3M KCI, were used. Microelectrodes only
with 5 to 30 megaohm resistance and low tip potentials (< 25 mV) were
used. The microelectrodes were connected, by means of a platinum wire
loosely hupg floating from a Leltz micromanipulator to a Medister
microelectrode probe and amplifier, Model A-35. When the microelectrode
was dipped In the Krebs solution, usually a tip potential was observed.
I'f this +ip potential was 25 mV or less, it was adjusted to zero; the

potential change that occurred when the microelectrodes entered The



fiber was then recorded, providing it remained stationary for at least
30 $econds. The problem of mechanical and elecfrfcalidlsfurbances
during the action potential recordihg were overcome by s+lmu|a+fng

" +he muscle with a very smal! current of short duration (0.1 msec) and

~ floating microelectrodes.
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RESULTS
4|. ’Caug EFFLUX.FROM NORMAL AND DENERVATED RAT DIAPHRAGM
The purpose of this set of experiments was to determine the

efflux half +imes of Ca“5 from the slow and fast compartments of

muscles and to determine if there was a difference between the normal

and denervated muscles.

1. From Cut Strips:

In the experiments studying the Ca“5 efflux from rat dia-
phragm strips, the technique of Shanes and Blanchi was used. The
cut strips from both the normal and 16 to 46 days denervated muscle
to which was attached a small plece of bone and some connective
Tlssue, were placed in separate chambers confalﬁtdg 5 ml of Krebs
solution to which I'uc/ml of radloactive Ca%5 was added. The muscles
were |oaded for 2 hours and washed In non-radioactive Krebs solution
for 3 houﬁs, the solution being changed every 10 minutes. At the
end of 3 hours washing, the muscles were dissected free of bone and
tissue, blotted Iightly three times on tissue paper and their wet
welght determined. The radloactivity remaining in the muscles was
then measured as described in THe methods., For the construction 6f
efflux curves, the counts remaining in the muscles were added to the
effluent counts to géf1he total Ca"5 at zero washing time, which
was Thé total Ca*5 uptake at the end of 2 hours loading. Taking

this value as 100%, the percentage of activity remaining In the

e e
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muscle was calculated and plotted against washing time on a semilog paper.
Figure 1 shows efflux curves for Ca'S at 35°C. The data to construct thils
figure was obtained by averaging the points from individual experiments.
The curve constructed from individual experiments looked |ike one presented
In Figure 1 with exceptions In the half times of Ca%S efflux from the élow
compartments (see text for Figure 2). These efflux curves showed at least
'2 components, an initial fast component, which most probably represented
the extracellular compartment, and a slow component, which most probably
.was the intracellular compartment (see Discussion).

Figure 1 showed that the average rate of efflux of Ca5 from
the slow coméarTmenT of denervated muscles was faster with a half time of
67 minutes, as compared to the normal muscles, which had a half time of 113
minutes. After denervation, the rate of Ca%S efflux became almost double.
~The half +imes_were calculated In‘a region of the curve between 90 and 180
minutes of washingiwhen most of the extracellular space was washed out.
Although wide fluctuations were observed in‘+he half times obtalned from
Individual efflux curves of normal muscles, they usually ranged from 64 to
177 minufes,‘excepf in two experiments where extreme values of 267 and 445
minutes were obtained. These two experiments were not included in the éon-‘
struction of efflux curves or in taking the means of half time. Similarly,
the half times obtained from Individual efflux curves of denervated
. mqscles ranggd from.40 to 95 minutes. Figure 2 shows frequency histo-
grams of half t+imes obtained from Individual Ca*5 efflux curves of
normal and denervated muscles. |In normal muscles, the maximum number
of values fell either at 97 or 107 minutes; however, since the distri-
bution was larger on the right side, the mean shifted slightly to the
right, giving avsligh+ly Highér value of 113 minutes. In denervated

muscle, the maximum number of values fell either at 62 or 72 minutes,
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Flgure 1 Efflux curves for Ca'® obtained from normal and 16 to 45 days .
denervated rat diaphragm strips at 35°C. The muscles were
loaded for 2 hours In 5 ml radloactive Krebs solution con-
talning 1 ﬂé/ml Ca'*S, The curves were the means of 44 exp-
eriments for normal muscle and 28 experiments for denervated
ﬁuscle.

(N) Normal R% for (N) = 0,992 (D) Denervated R2 for (D) = 0,988

t/2 = half time In minutes.

Ordinate = Ca space on log scale Abscissa = washing time (min)



| FREQUENCY DISTRIBUTION OF HALF TIMES OF Cu45EFFLUX
FROM NORMAL AND DENERVATED RAT DIAPHRAGM AT 35° C.
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Figure 2. Frequency histograms constructed from half *+imes obtained
from Ca"S efflux curves of both the normal and 16 to 46
days denervated rat diaphragm strips at 35°C.

Number of normal muscles = 44

Number of denervated muscles = 28
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+he rest being distributed almost equally on elther side, giving a mean
at 67 minutes. Although the histograms showed an overlap of half times
obtained from normal and denervated muscles, In no one experiment did
nérmal muscle show a half t+ime smaller than Its contralateral dener-
vated side. There was a significant difference In the mean half times
between the normal and denervated muscles.

The half tlmes for the efflux of Ca*S from the fast compart-
ment were méasured by ploTTan on a semilog paper the difference between
the total and'The Intracel lular calclum (extrapolated value) at different
washing times (Fig. 1). The values obtalined gave a straight line
relatlonship with correlation coefficlent R2 0,979 for normal’and
0.982 for denervated muscles. The half times for Ca5 efflux from
the fast compartment calculated from the slopes of these |lnes were
10 and 9 minutes for normal and denervated muscles, respectively.

This difference ln.TIme courses of Ca'S efflux from the fast compart-
ﬁenfs of normal and denervated muscles was negligible.

In the experliments described above, all the muscles used
had attached a small plece of bone and some connective tissue. Thus
+there was a possibility of calcium contamination from them. There-
fore, an attempt was made to remove at least all the connective
+1ssue completely so that only a very small, thin piece of bone
was left.

Six such muscle strips Qere used, the results shown in
Flgure 3 and summarized in Table I. Again, there was a difference
in the time course of Ca“*5 efflux from the slow compariments of the

normal and denervated muscles. The»half +imes of Ca"*S efflux from
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normal muscles ranged from 120 to 191 minutes wi+h an average of
147 i.IO minutes, while those from the denervated muscles ranged
~from 104 to 134 minutes with an average of 115 * 4 minutes. There
was a significant difference between the half t+imes for the normal
and denervated muscles.

When the slope of slow comparitments in the efflux curve
was extrapolated back to zero washing time, the zero fime intercept
gave the amount of calcium taken up by this cgmparfmenf In 2 hours
loading time. The amounts of Intracellular calcium in umole/g in
ﬁormal and denervated muscles Is given in Table 1. The average
amount of Intracellular calcium in normal and denervated muscles
was 2.7 £ 0.2 ymole/g and 3.2 * 0,3 umole/g, respectively. There
was no significant difference in the amounts of intracellular
calcium between the normal and denervated muscles (P > 0.05), but
The amount df calcium remalning In the denervated muscles after 4
hours washing was less than that in the normal muscie (Table 1).
This difference was significant (P < 0.005). This was because
most of the calcium was washed out at a faster rate in the dener-
vated muscles.,

2, From Whole Dlaphragms:

Since In 'the previous sets of experiments cut strips were
used, another possibility or error was leakage of Ca“*5 from the cut
edges. Thus, to avold this possibility, whole diaphragms were used
In fhé folléwlng experiments. The diaphragms were loaded with tadio—
active Ca"5 for 15 minutes and then washed for different +Ime periods,

© At the end of each experiment, the radlioactivity remalning in the
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Co® EFFLUX FROM NORMAL AND _ f
10 - DENERVATED MUSCLES AT 35°C

+ NORMAL
6t o DENERVATED

(N) =147 min
(D) £=115 min
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~N

\
"

o —

120 240 '
TIME (min) I

ETguEe 3. Efflux curves for Ca*3 obtained from normal and 27 to 38
days denervated rat diaphragm strips at 35°C., The
muscles were loaded for 2 hours in 5 ml radloactive
Krebs solution containing 1 uc/ml'Ca“s. The curves were
the means of six experiments, each, of normal and dener-
vated muscles. Here the amount of Ca In umole/g remaining
In the muscles was plotted agalnst washing time.

(N) Normal (D) Denervated */2 = hal!lf time In minutes
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central plece of the muscle was measured while the effluent samples
were dlscarded.

In this serlies of experiments, 19 to 38 days denervated
rat diaphragms were used. Both normal and denervated muscles were
taken from the same animal. Figure 4 shows the rate of efflux of
Ca“*5 from the slow compartments of both the normal and the denervated
muscles at 35°C. The half times for the efflux of Ca“*5 were cal-
culated from the regression lines. Thus, the half +ime for the
efflux of Ca"5 from the slow';omparfmenf of the normal muscles was
158 minutes, the regresélon line having a correlation coefficient
R2 0.4196. Similarly, the half time for the slow compartments of the
denervated muscles was 77 minutes, the regression line having a
correlation coefficient R% 0.833.

When the regression line was extrapolated back to zero
washlhg time, the zero time intercept gave the amount of calcium
taken up by the slow compartment during 15 minutes of loading.

The amounts of calcium in the slow compartments in the normal and
the denervated muscles (as obtained from Fig. 4) were 0.034 umole/g
and 0.074 umole/g of muscle, respectively. When the efflux curve
for Ca"5 from the slow compariment was plotted on an ordinary graph
paper, It ylelded an exponential curve. This exponential curve can
be represented by the equation:

Y(H) = Y(o)e T/Tect (11

where Y(t) = amount of Ca remaining in the slow compartment of the
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The half times were measured from the regression lines. In
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muscle after + minutes of washing.

Y(o)

amount of Ca In the slow compariment of the muscle
at zero washing time.
e = exponential.

1.

1)

washing time In minutes.

t.c.= efflux time constant in minutes.
In order to find the value of Y(o), I.e. the amount of calcium in
the slow compartment at zero washing +Ime, the above equation can

be rewritten as follows:
Y(o) = Y(1)/e7t/Tece (21

Howewver, upon plotting the efflux curve of Cat5 from the slow com-
partment on semilog paper, a stralght |ine was ylelded, with equation

[2] being rewritten as follows:
log Y(0) = log Y(t) + t/t.c.

The time constants used for these calculations for normal
and denervated musciés were obtalned from the regression lines In
Figure 4, The calculated average Ca uptake by slow compartments (for
49 normal and denervated muscles) was 0.034 £ 0,001 umole/g and
0,075 1:0;002 umole/g of muscles, respectively. There was a sig-

nificant difference between the two,
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3, Effect of Denervation Days on Ca“S Efflux:

In the course of experiments on Ca“3 efflux from the whole
dlaphragms, [+ was observed that the half times for the rate of
efflux also depended on the number of denervation days. The results
were arranged In four groups depending upon the days of denervation

as follows:

Group | 7 to 8 days
Group Il 14 to 20 days
Group |11 19 to 38 days

Group IV 40 to 61 days

Experiments of Groups |, |l and IV will be explained here.
In each set of éxperimenfs, the denervated muscles were alwa&s com-
pared with their own normal sides. The results of all these experi-
ments are summarized in Table II. |
a) Group I:

"In this set of experlments, 7 to 8 days denervated hemi-
diaphragms were used. The muscles were loaded with Ca*5 for 2 hours
and then washed for different time periods. The effluents were dis-
carded and G4 remaining In the central plece of the muscle after each
washing was measured. Fligure 5 shows the rate of efflux of Cas
from slow;comparfmen+s of both the normal and denervated muscles af
35°C, The half times for the efflux of Ca"*5 were calculated from
+he regression |ine. The half time for the efflux of Ca"*5 from The

slow compartment of the normal muscle was 176 minutes, the regresslon
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Co EFFLUX FROM RAT DIAPHRAGM

[ NORMAL B DENERVATED 7 to 8 DAYS
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0 60 120 180 240 min 0 60 120 180 240 min

Figure 5., Efflux curves of Ca*5 from the slow compartments of both

the normal and 7 to 8 days denervated rat diaphragms at

35°C.. The muscles were loaded. in 60 ml radioactive Cé”s
containing Krebs‘solufloﬁ for 2 hours and washed for 64,
121, 196 and 256 minutes. The half times were measured

from the regression lines.

Ordiﬁafe = Ca spéce on log scale

Abscissa = washing time (min)
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line having a correlation coefficient R% 0,668, In comparlison, the
half time for the efflux of Ca*5 from the slow compartments of the
denervated muscle was 134 minutes, the regression line having a
correlation coefficlent RZ 0,7317.

When the regresslon |Ine was extrapolated to zero washing
time, the zero time Intercept gave the amount of calcium taken up by
the slow compartment at the end of 2 hours of loading, these being
0.3 ml/g Ca space for normal and 0.64 ml/g Ca space for the denervated
muscles. Since the molarity of Ca in the solution was 1 mM/liter,
the actual amount of Ca in 1 ml of solution was 1 umole., This meant
that 1 ml of Ca space represented 1 umole of Ca, Thus, the above
slow compartment calclum spaces in normal and deﬁervafed muscles could
also be represented as 0.3 umole/g and 0.64 umole/g of muscle,
rgspecfively. There Is a significant difference between the two.

b) Gfoug 1

In this set of experiments, 14 to 20 days denervated hemi-
dlaphragms were used, the procedure having been previously described.
Figure 6 shows the rate of efflux of Ca*5 from the slow compartments
of both the normal and denervated muscles. The half times for the
efflug of Ca"*5 were calculated from the regression lines which are
141 minutes for the normal and 86 minutes for the denerva+eq muscles.
The zero time intercept gave the calcium uptake by the slow compart-
ménf at the end of 2 hours loading In normal and denervated muscles:
0.33 umole/g and 0.51 pmole/g of muscle, respectively. The
differ;hce between the normal and denervated muscles was significant,

A comparison of the Ca uptake by the slow compartment in
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o'  EFFLUX FROM RAT DIAPHRAGM
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Flgure.é. Efflux curves of Ca*3 from the slow compartments of both
the normal and 14 to 20 days denervated rat diaphragms at
35°C. The muscles were loaded In 60 ml Ca*5 contalning
Krebs for 2 hours and washed for 64, 100, 121, 196 and.
256 minuTes; The half times were measured from regression
Iines having correlation coefficient R% for normal muscles
0.7732 and for denervated muscles, 0.7316.,

Ca space on log scale
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normal muscles of Groups | and |l showed Tha+‘+hére was no signlficanf
difference between the two groups (P > 0.05). A similar cémparison
in denervated muscles showed that the slow compartment calcium uptake
in 7 to 8 days denervated muscles was about 0.11 umole/g of muscle
more on the average than 14 to 20 days denervated muscles. There was
a significant difference between the two group® (P < 0.005).
c) Group lll:

Group Il experiments, In which The muscjés were loaded

only for 15 minutes, have already been described in detall.

d) Group IV:

In +his series of experiments, 40 to 61 days denervated
hemldféphragms were used. Figure 7 shows the rate of Ca%5 efflux ‘
from the slow compartments of both the normal and denervated muscles.
The half time for the efflux of Ca"*S from the Slow comparTménTs of
The‘normal muscles was 162 minutes and that for the efflux of Ca'ts
inthe denervated muscles was 67 minutes. The calcium uptake by The
slow compartment In normal and denervafed muscles, as obtalned from
Flguré 7, were 0.31 umole/g and 0.72 umole/g of muscle, respectively.
There was a slgnlficanf di1fference between the normal and denervated
muscles. |

A comparison of calcium uptake by the slow compartment in
normal muscles In these experiments showed that fThere was no signif-
icant difference (P > 0.05). However, +he calcium uptake by the slow
compartment in 40 to 61 days denervated muscles was 0.08 ﬁmole/g

more than the average uptake in 7 fo 8 days denervated muscles, the

difference between these two groups being significant (P < 0.,05).
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CaS from the slow compartments of both

normal and 40 to 61 days denervated rat diaphragms at

35°C. The muscles were loaded In 60 ml Ca“S containing

Krebs for 2 hours and washed for 81, 121, 144, 169, 225

and 256 minutes. The half times were measured from

regression lines having a correlation coefficient R2 for

normal muscles 0.7458 and for denervated muscle, 0.8873,
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Similarly, when a comparison was made between 14 to 20 days denervated
and 40 to 61 days denervated muscles, It was found that +he calcium
uptake by the slow compariment in 40 to 61 days denervated muscles was
0.19 umole/g muscle more than the uptake In 14 fo 40 days denervated
muscle.. There is a significant difference between these two groups.
e) Conclusion:

In these experiments, the calcium uptake In normal muscles
showed no significant difference (P > 0.05). The calcium uptake in
+he denervated muscles, however, depended upon the number of days of
denervation: 46 to 61 déys denervated muscles took up 0.08 umole/g:
calcium more than do 7 to 8 days denervated muscles (P < 0.05), and
correspondingly; 0.19 umole/g more than the 14 to 20 days denervafea

muscles,

4, Ca'5 Efflux at 25°C:

Iﬁ this series, Ca45 effluxes were measured at 25°C, the
reason for using this temperature being that the muscles survived
better and longer than at 35°C. Although normal muscles produce
mére +witch fenslon at 25°C than at 35°C, It had been shown that In
denervated muscles the tension decreases (Padsha, 1965; Padsha, 1968;

Padsha & Winchester, 1968). Thus, +he purpose was to determine If
there was any correlation between tension changes and calcium fluxes
in normal and denervated muscles. The denervated preparations were
10 to 30 days denervated rat diaphragms. From the experlmeﬁTs using
34 normal muscles and 27 denervated muscles, the following were

obtained:
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(N fhaT hal f +imes for Ca'*S efflux, calculated from
+he regression |lnes, were 217 minutes for normal
and 125 minutes for denervated muscles;

(2) that the calcium upfake by the slow compartments,
obtained by extrapolation of the regression lines
to zero washing time, were 0.15 umole/g for normal
and 0.4 umole/g for denervated muscles;

(3) that i+ was concluded from this that the half times

showed the same difference as that at 35°C except for

being prolonged.

5. Effect of Caffeine on Ca'5 Efflux:

In this experimental serles, it was attempted to study the
relationship between the produced tension and the calcium fluxes in
‘muscle preparations. Caffeine was used to produce both these <:Hanges.
The technique for the efflux study has been described. |r—l these
experiments, muscle strips were loaded for 2 hours with 20 mM caffeine
being added at the desired +1mes dﬁrlng washing. The caffeine
solutions were prepared by the method of Frank et al. (1970). The
results are presented in Figure 8. To summarize for contracture
tension, 1t was noted ThaT:> ‘
(1) at 15°C the addition of caffeine induced a con=
tracture in both normal and denervated muscles;
(2) 1n both preparations, The contractures were sus-
tained;

(3) the produced contracture in normal muscle was
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EFFECT OF TEMPERATURE ON CAFFEINE INDl{%ED
CONTRACTURES AND RATE COEFFICIENTS OF Ca™ EFFLUX
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Figure 8. Effect of femperafure change on caffeine induced con-=

rate coefficients of Ca*S efflux from

normal and a 25 days denervated rat diaphragm strip. The

muscles were previously loaded for 2 hours at 15°C. Arrows

indicate where the solutlons were changed or the temperature

was lIncreased.
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greater than that In denervated muscles;

(4) an increase in Temberafure to 35°C resulted In a
transitory Increase In contracture tension for
both preparations.

With regard to the rate coefflcients, caffeine caused In
both preparations an init+ial transitory Increase, which decreased
to a level greater than the previous resting value. The difference
befween these two values was greater fof the normal than denervated
muscle, corresponding to the greater contracture tension produced
in normal muscle. Upon Increasing the temperature to 35°C, the '
-rate coefficients showed an Initial rapid increase, corresponding
with contracture tension, and continued to slowly Increase while
the tension decreased. From this, i+ appeared that caffeine induced

Ca"5 efflux was also dependent upon temperature.
Il. Ca%5 UPTAKE BY NORMAL AND DENERVATED RAT DIAPHRAGM

The purpose of this series of experiments was to measure
the cafcium uptake by denervated muscles. Since In these experiments
left and right hemldiaphragms were used, [t was necessary to determine
the possibility of differing Ca uptake In the two sides of a normal
diaphragm. Ih a few experiments sham-denervation was done by exposing
the phrenic nerve as explained In Thé methods. The following com~
parisons were made for calclum uptake: |

(1) right and left sides of normal hemidiaphragms

(2) normal and sham-denervated hemidiaphragms
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(3) normal and denervated hemidiaphragms

1. Ca"S Uptake In Vitro:

Three diaphragms were used for each set of experiments.
The whole dlaphragm; were loaded in Ca'5 Krebs solution for 10 min-
utes at 25°C, Thén washed for 64 minutes to remove the extracellular
CaS. The Ca"5 remalning in the central portion of the muscle was
then measured by means of the procedure given in the methods. The
resﬁLTs are presented in Figure 9 and Table II1}.

When fhe normal hemidiaphragms were compared, although
the left had a slightly higher Ca uptake, there was no significant
difference between the two sides (P > 0.05). Similarly, when the
rlghf normal side was compared with the left sham-denervated side,
there was no significant difference between the two (P > 0.05).
Although ‘there was no significant difference in the calctum uptake
In these sets of normal dlaphragms'(lefT, right or sham-denervated),
comparison of the right normal side to Tﬁe left 29 to 37 days dener-
vated side showed that the denervated side took up about 2% times

more Ca. There was a slgnificant difference (P < 0.01).

2. Rates of Ca5 [nflux:

" The efflux experiments showed that denervated musclesvfake
up more Ca than normal muscles at a faster rate. The purpose of the
following ekperlmenfs was to measure the rates of Ca Influx in
normal and denervated muscles. For this it was necessary to keep

the loading time very short to avoid any back flux of the Isotope,
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Cd™® UPTAKE BY RAT DIAPHRAGM
| IN VITRO
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M werr [ penervateo

44 NORMAL
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0.02 |

Ca SPACE (ml/g) OF MUSCLE

Figure 9 Ca45 uptake by rat hemldlaphragms in vitro at 25°C. The
hemldiaphragms were loaded In 60 ml Ca5 containing Kfebs
solution and washed for 64 minutes. Data used to construct
this figure was taken from Table |I1l and calcium remaining
in the muscles.was shown as Ca space (m[/g); Bars indicate

standard error of means.
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Ca'*.s uptake by normal, sham-denervated and 29 to 37 days dener-—

vated rat hemidiaphragms in vitro at 25°C.

Ca space (ml/g) of

theses represent the number of muscles used.

Hemlidiaphragms pP*
o Muscles. Mean % S.E.

Normal (rt. side) (3) 0.016 = 0,001

P> 0.05
Normal (It. slde) (3) 0.022 +* 0,005
Normal (3) 0.014 = 0,002

P > 0.05
Sham-denervated (3) 0.020 *= 0.004 '
Normal (3) 0.019 + 0.002

h P < 0.01

Denervated (3) 0.045 = 0,001
Data from thls table was presented in Figure 9. The figures in paren—

* P denotes the probabil ity that there is no

slgnifican‘ll difference between the two

pbpu lations.,

rt

1]

It

left

right
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which would otherwise reduce the rates of influx. Thus, strips of
normal and 19 to 38 days denervated diaphragms were loaded in 60 ml
CaS contalning Krebs solution for 5, 10 and 15 minutes and then
washed for 1 hour to remove the exTraceliular Ca'5, At the end of
washiné, the radioacfivify remaining In the center of The muscle
strips was measured. This amount, divided by the loading time in
seconds, gave the rate., This Is summarized in Table IV and presented
In Figure 10, The data shown in Figure 10 was not corrected for any
loss of Ca'*S from the Intracellular compartment that might have
occurred during 1 hour of washing. All The experiments were done
at 35°C.

After 5 minutes loading and 1 hour washing, the calculated
rates of influx in normal and denervated mdscles were 47.4 * 2 yumole/
g/sec and 78,7 * 5 uumole/g/sec, respectively. After 10 minutes of
loading and 1 hour washling, the rates of influx in normal and dener-
vated muscles were 42,3 * 2 pyumole/g/sec and 68.4 * 2,7 uumole/g/sec,
respectively. When the muscles were loaded for 15 minutes and washed,
the calculated rates of influx in normal and denervated muscles were
37 + 2.8 ppmole/g/sec and 54 * 2 uumole/g/sec, respectively.

| The calculated avefage rates of Influx did not decrease
signiflicantly up to 15 minutes of loading In normal muscles, but
they did decrease In denervated muscles after 10 minutes. Thus, for
the calculation of rates of Influx, 10 minutes loading time was
chosen.

The Influx rates described so far were not corrected for

Ca*5 loss during 1 hour washing. This data has been corrected for
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Ca*INFLUX IN NORMAL AND DENERVATED RAT DIAPHRAGM
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Figure 10. Average rates of Ca'S influx in normal -and 19 fo 38 days
. .denervated rat diaphragm sffips at 35°C, after 5, 10 and
15 minutes of loading and 1 hour washing. The data
shown was not corrected for any loss of ca"3 from the
intracel lular compartments during washing. Bars Indicate

standard error of means.
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Ca5 |oss during washing by using the time constants derived from
efflux curves shown in Figure 4. The last column In Table 1V glves

these values. In +his calculation, It was assumed that +he resting

Influx and efflux were +he same,

3. Effect of Denervation Days on the Rates of Calts Influx:

The purpose of this serles was to study the effect of
denervation days on the rates of Influx in normal and denervated
muscles, Thé whole diaphragms were loaded for 10 minutes and
washed for 1 hour a1"35°C, and Ca*5 remaining In the central por-
tlon of the muscle was measured. These experiments were grouped
according to the number of denervation days, the results belng
gliven in Table V and Figure 11. Those shown in Figure 11 were
not corrected for the loss of Cal5 during 1 hour washing. The
last column In Table V gives the rates of Ca influx which were
corrected for the loss of Ca%5 during washing. The method used
for correction has been deséribed In the previous section,

a) Group I: |

In Thls'grwaup, 7 to 9 days denervated dlaphragms were"
used. Table V shows +hat the average rates of influx in dener-
vated muscles were 25% faster than In normal muscles. After
correcfion for the loss of Cats during washlng time, the rates

of lnflux In denervated muscles were 31% faster than In norma|

muscles.
b) Group I1:

In this group, 21 to 25 days denervated diaphragms were
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Ca' INFLUX IN NORMAL AND DENERVATED RAT DIAPHRAGM
20

NORMAL I
(] oenervaTeED

@

o

T
H

S
(@]
25t HH

AVERAGE RATE OF INFLUX ( o umole/g/sec) __

7-9 21-25
DENERVATION DAYS

Figure 11. Effect of denervation days on the average rates of Ca't3
| influx in normal and different days denervated rat dia-
phragms at 35°C. The muscles were loaded for 10 minutes
and washed for 1 hour. The data shown here has not been

corrected for the loss of Ca'*S during 1 hour washing.

Bars Indicate standard error of means.
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used. Table V shows that the average rates of Influx in denervated
muscles were 41% faster than In normal muscles. After correction
for the losé of Ca"5 during washing, the rates of Influx in dener-
vated muscles were 55% faster than In normal muscles.
c) Group RRK

In this group, 62 days denervated diaphragms were used.
Table V shows that the average rates of Influx in denervated muscles
were 56% faster than in normal muscles. After correction for Ca*s
loss during washing, the rates of influx in QenervaTed muscles became
69% faster than the normal muscles.

These experiments showed that In denervated muscles, the
rates of calclum Influx gradually increased with the number of dener-

vation days, whereas there was no significant difference in the normal

muscles.

4, Ca"S Uptake In Vivo:

The studies so far done in vitro show that the denervated
muscles took up more célclum at a faster rate. The question arose
whether the same was true In the 1lving animals. To answer this, a
few experiments were done in vivo.

. Animals were injected with 10 uC ca5 in 1 ml normal saline
+hrough the left external jugular vein. After 15 minutes of Isofope
lnjecfibn, +he animals were killed and the diaphragms were excised
immediately, and washed in non-radioactive normal Krebs for 64 minutes
at 25°C fo remove the extracellular Ca*3. The Ca"*5 remaining in the

muscles was measured as explained In the methods. The results are
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presented in Figure 12 and Table VI, Set 1.

Figure 12 shows that there was no significant difference In
the calcium uptake in the right and left sides in normal dlaphragms
(P > 0,025). Similarly, when normal s’ides were compared with sham-'
denerva’red. sides, there was no significant difference (P > 0.,05).

However, the 14 to 42 days denervated sides took up twice as much

calcium as the normal.

Table VI, Set 11, gives the total calcium uptake In normal
and denervated muscles, the denervated muscles taking up 61% more'

Ca's Than +he normal. Note that these muscles were not washed tfo

remove the extracellular Ca'3,

The above experiments showed that even in living animals

+he denervated side took up more calcium than the normal.

5. Effect of Stimulation on Ca*S Influx:

It has been known that stimulation increases the Ca Influx
in skeletal muscles (Blanchl & Shanes, 1959). The studles of vPadsha
(1968) and Padsha and Winchester (1968) demonstrated 1'vha'r the mechanlical
response of denervated rat dlaphragm fo stimulation differed from the
normal, and that this difference depended upon the environmental
temperature. The purpose of this series of experiments was to study
the effects of stimulation on Ca influx in normal and denervated
muscles at different temperatures, and to determine if there was a

correlation between the Ca influx and mechanical response of these

muscles.

The muscles were loaded In ca*S Krebs solution for 10 minutes
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Figure -12. Ca'*S uptake by rat hemidlaphragms in vitvo at 25°C. The
animals were injected with 10 uc ca*5 in 1 ml normal
salline through left external jugular vein. After 15
"minutes, the hemidlaphragms were exclised and washed for
64 minutes. Data used to construct this flgure was taken
from Table VI, Set |. Bars Indicate standard error of

means. Ca uptake Is given as CPM/mg (% of normal).



EFFECT OF STIMULATION ON Ca™UPTAKE BY NORMAL
AND DENERVATED MUSCLES AT DIFFERENT TEMPERATURES
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Figure 13, Effect of stimulation on Ca uptake in normal and 19 to 38
| ' days denervated rat diaphragm strips at different temp~
eratures. The muscles were loaded for 10 minutes and
- tTetanized for 1 second per minute for the last 8 minutes,
and then washed for 1 hour. No corrections were méde for
the loss of Ca during wash[ng.‘ Bars }ndicafe standard

error of means.
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TABLE VI
Intracellular and total Ca"%5 uptake by normal, sham-denervated and

14 to 42 days denervated rat hemidlaphragms in vivo.

Hemidaphragms Ca"*5 CPM/mg of muscle

% of normal or right side, Mean * S.E.

Set I Intracel lular
Normal (left side) (3). 100.083 + 3,581%
Sham-denervated (3) 112,92 + 6.004%
Denervated (5) 199.652 *+ 16.34%

Set I
Denervated (7) 161.079 + 8.,958%

The figures in parentheses represent the number of muscles used.



84,

at 35°C, 25°C and 15°C. Af1Ler the first two minutes of loading at
rest, the muscles were tetanized isometrically for 1 second per min-
ute for the last eight minutes. A+ the end of each loading, the
muscles were washed for 1 hour to remove the extracel lular Ca't5,
The r‘_es1‘ of the procedure was the same as described previously.

The results of these experiments are shown in Figure 13. No
corrections were made for the loss of calcium during 1 hour washing.
From the experiments using 9 normal and denervated muscles, each at
the above temperatures, the fol lowing. were obtained:

(1) +that stimulation increased the Ca uptake in both the
normal and denervated muscles a+ all temperatures
éxcepf for normal muscles at+ 15°C, where there was
no increase; |

(2) that this Increased uptake on stimulation was
significant only for normal muscles at 35°C;

(3) that when the temperature was lowered from 35°C
to 15°C, the Ca uptake was less in both muséle

preparations.

I11. ca%S SPACE

When the rates of calcium influx were measured in the dener-
vated rat diaphragms, the loading time was kep+ as short as possible,
i.e. 16 minutes, in order to reduce the back flux of Ca"*5, the results

showing that the rates of Ca influx increased in denervated muscles.
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The question arose as to what was the total Ca space in denervated
muscles when they were equillbrated with the loading solution for a
long time.

| In order to study this, cut strips of 19 to 38 days dener-
vated muscles were equllibrated with Ca*S Krebs solution for varyling
tTimes up to 480 minutes. The detalls of the procedure were the same
as described earlier. Figure 14 shows the results of these experi-
" ments., The total Ca space (intracellular plus extracellular) in
denervated muscles was more than that in the normal muscles at all
loading times., After 480 minutés, the denervated muscles had 31%
more calcium than the normal muscles (0.813 + 0,045 ml/g and 1.234 %
0.062 ml/g for normal and denervated muscles, respectively).

The next question arose whether thls Increased Ca uptake
was In the intracellular or the extracellular compaéfmenf. In order
to study this, the muscles were washed for 1 hour to remove the
extracel lular Ca%s, THe results belng shown In the lower two. traces
In Figure 14, After 480 minutes of loading and 1 hour washing, the
intracel lular Ca space In denervated muscles was, on the average,

6% more than In normal muscles. The average values for normal and
denervated muscles were 0.494 * 0,027 ml/g and 0.524 %+ 0.036 ml/g,
respectively., These values did not show a signiflcant difference

(P > 0.25), but they were not corrected for the loss of Ca from the
Intracel lular compariment during washing. When this correction was
made using the time constants, 228 minutes for normal and 111 minutes
for denervated muscles which were derived from the efflux experlmenfs

(Fig. 4), the corrected values for normal and denervated muscles were
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0.643 * 0,035 ml/g and 0.899 * 0.061 ml/g, respeéTIver, l.e. the
Intracellular space In denervated muscles waé 29% more than in normal
muscles. This difference In the corrected values of the intra--
cellular Ca spaces in normal and denervated muscles was signiflicant.
| In these experiments, the extracellular Ca"*5 space was
derived by substracting the "corrected" intracellular Ca space from
+he total Ca space. The results showed that the extracellular Ca
space after 480 mlnufeéwof loading was 50% more In the denervated

muscles (0.17 ml/g for normal and 0.335 ml/g for denervated).

IV. INULIN-C1* SPACE

Ca'® space measurements showed that denervated muscles
have a larger extracellular space than normal muscles. It was
t+herefore useful to measure the extracellular space in denervated
muscles by using a substance which was Ihpermeabie to the cell
membrane. Inulin was chosen because It Is an Inert substance with
a negligible cell permeability. Whole diaphragms were equilibrated
with Krebs solution containing radloactive Inulin-C!* from 2 to 120
minutes, rinsed for a few seconds in 0.4M sucrose solution to remove
the surface adsorbed radioactivity, and Inulin-Cla in the muscles
was measured. The detalls of the procedure were given in the methods.
Figure 15 shows the results of the extracellular spaces in normal

and denervated rat dlaphragms after 2 hours loading only.
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Figure 13, Measurements of Inulfn-Cl“ extracel lular spaces in normal
right and left, ana normal and different days denervated
rat hemldlaphragms at 35°C. The muscles were loaded with
Inul in-C1* 1n normal Krebs for 2 hours. Bars indicate

standard error of means.
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1. Right and Left Normal Hemidiaphragms:

Before examining the differences between normal and dener-
vated muscles, it was necessary to see If There was any difference
In the extracellular spaces in the left and right sides of normal
diaphragms. The results showed there was no significant diffefence
(P > 0.25) between elther sides of the normal diaphnagms (0,132 &

0.008 ml/g and 0.13 * 0.008 ml/g for left and right sides, respeéTIvely).

2. Effect of Denervation Days:

The results of the measurements of extracellular spaces
for denervated muscles were arranged In three groups according to
+he number of denervation days.

a) Group |:

" Five experiments were done using normal and 7 days dener-
vated hemidiaphragms. The average Inul Tn-Cl%* extracellular spaces
in normal and 7 days denervated muscles were 0.145 * 0.0037 ml/g and

0.176 * 0.0079 ml/g, respectively (P < 0.005). The exfrééellular

space was Increased In denervated muscles by 19.72%.

b) Group l1:

In Thfs case, 10 experiments were done using normal and
21 to 29 days denervated hemidiaphragms. The average Inul in-C1*
extracel lular spaces In normal and denervated muscles were 0.127 *
0.0072 ml/g and 0.144 = 0.0106 ml/g, respectively. There was no
significant difference between the two preparations (P > 0;10).

c) Group 1z

In 10 experiments of this series, normal and 57 to 63 days
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denervated hemldiaphragms were used. The average inul in-Cl* extra-
cellular spaces In normal and denervated muscles were 0.162 * 0.0129
ml/g and 0.215 * 0,0034 ml/g, respectively (P < 0.005). The extra-

cellular space had increased In denervated muscles by 32.71%.
V. ELECTRICAL PROPERTIES

The results of the experiments on calcium fluxes In dener-
vated muscles suggested the possibllity that there may be changes In
some of the electrical properties of the muscles after denervation.

The purpose of the following experiments was to study the
resting membrane potentials and action potentials in normal and 11
to 55 days denervated rat diaphragms. The resting membrane potentials
and action potentials were recorded with Intracellularly placed glass
caplllary mlcroelecTrodes fi1led with 3M KCl. The recording equipment
and exper!menTaj procedures were described in the methods. The effect
of temperature on tThe electrical properties was studied By decreasing
+he temperature from either 35° +o0 15°C or Increasing it from 15°C to
35°C, Whether the temperature was lowered or Increased produced no
difference in the results obtalned.

In order to show some of the differences between the normal
and denervated muscles, samples of selected observations are given in
Figure 16 and the measurements In Table Vil. .

(1) The denervated muscle had a smaller membrane potential

+han the normal (65 mV and 91 mV, respectively) at 35°C

(Fig. 16A and B). This differences was less a+v25°C
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ACTION POTENTIALS
NORMAL , DENERVATED

iIéOmv

| Figure 16; Intracel lularly recorded action potentials from normal

and denervated rat diaphragms. A - B at 35°C, C - D at
25°C and E - F at 15°C. In B, record was obtained from
an 11 days denervated muscle. In D, muscle was 55 days

denervated and In F, the muscle was 43 days denervated.

= ISOmv ;;
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and 15°C.

(2) By extrapolating the rising and falling phases of the
action potential to the base |ine and measuring the
distance between the two where They cross it, the
duration of the action potential was able to be
measured. Hence, at 35°C, the duration of action
potential was longer in the denervated muscle than
that 1n the normal muscle (2lmS and 1.1 mS respec-
+ively). This difference was less at 25°C and 15°C.
In both the normal aﬁd denervated muscles, decreasing
the temperature from 35°C fo 15°C increased the
duration of the action potentlals, but this Increase ‘
was more In normal muscle (1.1 mS fo 6.6 mS) as

compared with denervated muscle (2 mS to 6.3 mS).

1. Resting Membrane Potentials:

Table V111 summarizes the results of Tﬁe experiments done
at 35°C, 25°C and 15°C. The average resting membrane potentials In
normal and denervated muscles at 35°C were 84 + 0,9 mV and 73.8 % 0.7
mv, respecfively. This showed that the membrane potentials after
denervation had decreased on the average by about 11 mV. When the
temperature was 25°C, the average membrane pofenfiéls in normal and
denervated huscles was 85.8 = 1,1 mV and 71.2 £ 2.4 mV, respectively.
Thus, reducing the temperature to 25°C caused a decrease of membrane
potentials In normal muscles by about 8 mV. There was no significant

change in the resting membrane ‘potentials of the denervated muscles
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at 35°C and 25°C (P > 0,025). Comparison of the membrane potentials
of normal and denervated muscles at 25°C showed a small difference
between the two, with potentials about 4.5 mV highér in normal muscle
(P < 6.05). When the temperature was 15°C, the average membrane
potentials in normal and denervated muscles were 73.5 £ 1.5 mV and
72.4 + 2 mV, respectively. This di1fference was not significant

(P > 0.25)., There was no significant difference (P> 0,10} In
resting membrane pofenflals‘In normal muscles at 25°C and 15°C.
Similarly, there was no significant difference (P > 0.25) in resting

membrane potentials In denervated muscles at 25°C and 15°C.

2. Duration of Actlion Potentials:

The average duration of action potentials a¥ 35°C In
normal and denervated muscles was 1.3 * 0,02 mS and 2.1 £ 0.04 mS,
respectively, with the differenée in the duration between normal
and denervated muscles being about 0.7 mS.' When the temperature
was lowered to 25°C, the averagé duration of actlon potentials in
normal muscles was increased to 2.3 % 0,05 mS and In denervated
muscles to 2.5 * 0.1 mS. The increase In normal muscles was about
1.1 mS, whereas the Increase in denervated muscles was only 0.4 mS.
There Is no significant dlfference in the duration of action
pofgnflars In normal and denervated muscles at 25°C. When the
Temperafure'was further reduced to 15°C, the average duration of
action potentials in both +he normal and denervated muscles Increased

+o 7 + 0.15 mS and 7 %= 0.17 mS,_respecTIvely.
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VI. GLYCEROL TREATMENT

The observation of an Increase in calcium efflux and Influx
In denervated muscles lead to an investigation of the pathway of
calcium en+ry into rat diaphragm. In skeletal muscle, ions pass
+hrough the surface membrane and the Invaginations of the membrane
known as the transverse tubules (T-tubules). [f some of the calcium
fluxes occurred through the T-tubules, then this portion of the
fluxes would be blocked If the T-fubules were disrupted. In recent
years, a technique has been developed which selectively disrupts the
T-tubules In frog skeletal muscle (Howell & Jenden, 1967; Gage &
Eisenberg, 1967; Eisenberg, 1968; Howell, 1969). This technique was
used 'in. t+hese experiments and i;5 to be described. |

First it was Ane.cessary to determine If this technique worked
in rat dlaphragm. For this purpose, diaphragm strips were equilibrated
in normal Krebs solution, then +ransferred to Krebs solution containing
400 mM glycerol (glycerol-Krebs)' for varlous time perlodé, after which
+hey were returned to normal Krebs solution for at least 1 hour.
Twitch +ension and Intracellular actlon potentials were recorded as
described in the methods. |

A few experiments demonstrated that the duraﬂon of glycerol
+reatment required was influenced by the temperature at which the
experiment was being done, the best results being obtalned for 25 to
30 minutes treatment at 35°C. A longer glycerol treatment than 30
minutes at 35°C completely and Irreversibly abol Ished both the ’rwl"rch’

tension and actlon potentlals when the muscles were returned to normal



Krebs solution. Slmilarly, at 25°C, the optimum duration of treatment
wés 45 to 50 minutes, wi+th complete Irreversible abol Ishment of +wi+ch
tension and action potential for treatments longer than thls. For
treatments less than 45 +o 50 minutes, it was observed that The.fwlfch
recovered to about 75% of |+s Initial value upon return of the muscles
to norma | Krebs solution. In most of +he preparations, these glycerol
treatment times were satisfactory, but occasionally a muscle would
lose both its electrical and mechanlcal properties after treatment,
or recovered almost completely. For this, there was no explanation,
There was no direct evidence that the T-tubules within
these muscles were disrupted after Qlycérol treatment at the above
mentlioned temperatures because elecfronmicroscopy was not done on
these preparations (Fatt, 1964; Falk & Fatt, 1964; Eisenberg, 1967;
Gage & Elsenberg, 1969), However, an observable similarity was noted
between the rat diaphragm preparaflons following glycerol treatment
and those of frog sartorius muscle used by others, namely, the dls-
appearance of the twitch tension and a recordabl|e action potential
with an abollshed negative after potentlal. Thus,-if could Indirectly
be Inferred that glycerol treatment of rat dlaphragm would disrupt

the T-tubules as In frog skeletal muscle, -

1. Effect of Glycerol Treatment on Twitch Tensions:

The results of two experiments In which the twitch +ensions
were measured before, during and afTef glycefol treatment are plotted
In Flgure.f7. Within 5 minutes after exposure to 400 mM glycerol~
Krebs, the maximum +witch tenslion dropped to about 43% of its Initial

97;
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normal and 7 to 11 days denervated rat diaphragms at
35°C. The muscles were exposed to 400 mM hypertonic
glycerol=Krebs for 30 minutes and then returned to

normal Krebs for 60 minutes.

% .

e e et S



99,
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Figure 18, Twitch tensions and action potentials recorded from a
normal rat diaphragm before, dhr{ng and after glycerol -
\;reaTmen+ at 35°C., For glycerol treatment, the muscle
was exposed to 400 mM hyperfoniq glycerol-Krebs for 30
minutes and then returned fo normal Krebs for 1 hour,

Actlion ptentials were recorded with Intracellularly

- placed glass caplllary microelectrodes filled with 3M KCI.



‘value In normal and about 33% In denervated muscles. When the muscles
were returned to normal Krebs solution, there was a sharp decrease in
the twitch tensions In both normal and denervated muscles. Within 25
to 30 minutes, only 2 to 5% of the Init+ial twitch remained. Although
both muscles showgd a large decrease In twitch tension during and

after glycerol treatment, the normal muscle always possessed a greater

percentage of remaining twitch tension at any of these periods during

the experiments.

2, Effect of Glycerol Treatment on Twitch Tension and Action Potentials

in Normal Muscles at 35°C:

Figure 18 presents the twitch tensions and intracellularly
recorded action potentials from a normal rat diaphragm before, during
and after glycerol freatment at 35°C. Figure 18A shows a record of .
twitch tension, Affef recording the twitch tension, the action
potentials were recorded using Intracellular 3M KCI filled glass cap-
Illary mlcroelectrodes. Figure 18A and B presents a typical Twifch
tenslon and action potential before glycerol treatment. The membrane
potential was 86.5 mV, the action potential 109.3 mV, with a negative
after potential of 17.6 mV. DuraTIon.of the action potential was 1.2 mS;

After the above recordings, the muscle was exposed to 400 mM
glycerol-Krebs for 30 minutfes. Figure 18D depicts an action poTenfial
recorded after 22 minutes exposure to 400 mM glycerol-Krebs; The
membrane potential was 79.1 mV, the action potential 89.3 mV, while
‘the negative after potential had dlsappeared; The actlon pofenflal

duration was 1.4 mS. Figure 18C shows the recorded twitch tension
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t+hat followed.

At +he end of 30 minutes exposure, the muscle was refurned
to normal Krebs solution for 1 hour to remove the glycerol. The
+witch tension was then recorded (Fig. 18E) followed by recordtng
the action potential (Fig. 18F). The membrane potential was 87.9 mV,
the action potential 107.1 mV, while the negative after potential
remained absent. The action potential duration was 1.3 mS.

A comparison of twitch tenslons in Table IX showed that
when normal muscle was exposed to 406 mM hypertonic glycerol-Krebs
solutlion, the twitch tension was reduced from 39.25 gms fo 21.25 gms,
l.e. a decrease of about 45,86%. Moreover, after 1 hour of washing,
almost all the twitch tenslon was gone, only 2.0 gms remaining, i.e.
about 94.9% 6f the initial twitch tension was lost (Fig. 18A, C, E).

Similarly, a comparison of the action potentials showed
that the membrane potential in normal rat diaphragm was not altered
by glycéroi treatment, although during treatment there was™a small
reductlion of about 7 mV, which recovered after washing. Similarly,
the action potential was reduced by 19 mV during glycerol treatment
but returned to Its orlglnal.value after washing in normal Krebs
solution. A negative after potentlal was preéenf only>beforq glycerol
+reatment, beling absent thereafter. The aéflon potential duration
“was the same before and after glycerol freatment, but was slightly

Increased (0,22 mS) during treatment.

3. Glycerol Treatment In Denervafed‘Muscles;

The same procedure as for normal muscle was used to record
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twitch tension and action potentials before, during and after glycerol
treatment, the resuifs being shown In Figure 19 and Table IX. A com-
parison of the twitch tensions in Table IX showed +hat when the muscle
was exposed to 400 mM hypertonic glycerol-Krebs sqlufion, the twitch
tenslon was reduced from 19.75 gms to 12,25 gms, l.e. a decrease of
about 37.97%. However, after 1 hour washing, almost all the twitch
tension had disappeared with only 0.875 gms remaining, I.e. about
95.66% of the Initial twitch tenslon was lost,

A compa%ispn of actlon potentials in Table IX showed that
the membrane potential In denervated rat diaphragm was not altered by
glycerol treatment at 35°C. The acflbn potential wasthe same before
and during glycerol treatment, but In this particular experiment, It
decreased by 9 mV after 1 hour wash[ng. A negative after potential
was present before and during glycerol treatment, but after treatment
became greatly diminished. Duration of the action potential was not
affected by glycerol. treatment.

. The same experiments were also repeated at 25°C with 45
minutes exposure to 400 mM glycerol-Krebs solution and 1 hour washing
in normal Krebs solution. The results showed that the effecfs of
glycerol were the same In both normal and denervated muscles.

Table X summarizes the effecTs of glycerol treatment in
normal and denervated muscles. The results of “these experlmenfs
showed that:

(1) glycerol treatment abolished the Tw?fch Tenslon

but pfeserved the actlon potential In boTh

normal and denervated muscles;
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Figure 19. Twitch tension and action potential recorded from an 11
days denervated rat diaphragm beforé, during and after
‘gfycerol treatment at 35°C. For glycerol treatment, the

muscle was exposed to 400 mM hypertonic glycerol-Krebs

103.

for 30 minutes. The action potentials were recorded with

Intracellularly placed glass capillary microelectrodes

filled with 3M KCI.
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TABLE IX
Twitch tensions and action potentials from normal and 11 days denervated rat diaphragms

before, during and after glycerol +1mm+am:+,m+ 35°C.

Muscles Treatment Twitch Tension Membrane Action Potentials Actlon Potential
wo+msim._m Durations
(gm) (mV) (mV) (mS)

Normal 39.25 86.5 109.3 1.2
before glycerol :

Denervated 19.75 76.92 ’ 110.44 1.9

Normal 21.25 79.1 89.3 1.4
during glycerol

Denervated 12.25 78.3 109.9 2.1

Normal 2.00 87.9 107.1 1.3
after glycerol

Denervated 0.875 76.8 . 100 1.9

This data was obtained from the experiments shown in Figures 18 and 19.
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(2) the resting membrane poTehTials and the action
potentials were not effected by glycerol treat-
ment but the negative after potentials were
abol ished or reduced In both normal and dener-
vated muscles;

(3) the differences In the membrane potentials and
action péfenffals in normal and denervated

muscles were not altered by glycerol treatment.

4. Effect of Glycerol Treatment _on ca'*5 Uptake:

The purpose of this series was to study the effect of dis—
rupqun of the T-fubules on Ca influx in normal and denervated muscles.
The muscles were exposed to 400 mM glycerol-Krebs solution for 45
minutes, washed for 1 hour in normal Krebs solution to remove the
glycerol, then loaded for 5, 10 and 15 minutes, followed by a 90
minute washing to remove the extracellular Ca'S. The rest of the
procedure was the same as described earlier. The data obtained is
summarized in Table XI for normal muscles and in Table X1l for
denervated muscles. The same data, shown in Figure 20 and Figuré 21,
was not corrected for the loss of Ca*5 during 90 minutes washing.

| These resulfs showed that:

(1) glyceroi treatment Increased The uptake of calcium

in both the normal and denervated muscles;

(2) giycerol +reated normal muscles took up more calcium

during the first 5 minutes of loading than the

glycerol t+reated denervated muscles (Fig. 20);
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C045UPTAKE BEFORE AND AFTER GLYCEROL TREATMENT IN RAT DIAPHRAGMS

AT 25°C
NORMAL DENERVATED

0.08 .. _
—g NON GLYCEROL TREATED | NON GLYCEROL TREATED
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Figure 20. Ca'*5 uptake by normal and 7 to 9 days denervated rat dia-
phragm strips before and after glycerol treatment at 25°C.
The muscles were loaded for 5, 10 and 15 minutes and washed
for 90 minutes. No correction was made for the loss of Ca'ts
during 90 minutes wash[ﬁg. Bars indicate standard error

of means.
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RATES OF Ca'” INFLUX BEFORE
AND AFTER GLYCEROLTREATVENT

NON GLYCEROL TREATED
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Figure 21. Average rates of cas Influx In normal and 7 to 9 days
denervated rat diaphragm strips at 25°C, before and after
glycerol Treéfmenf. LoadLng was for 5 minutes aﬁd
washing for 90 minutes. No correction was made for the
loss of Ca%® during 90 minutes washing. Bars indicate

standard error of means.



(3)

(4)

within 15 minutes of loading, the calcium uptake

in glycerol treated normal and denervated muscles

was almost equal (Fig. 20) (0,071 * 0.0104 umole/g
and 0,071 * 0,0085 umole/g for normél and dener-
vated muscles, respectively);

the average rates of Ca influx af 5 minutes loading
(Fig. 21) In boTh.Thq glycerol treated normal and
denerva%ed muscles were i83 + 29 and 114 £ 9 pumole/g

/sec, respectively.

1.
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DISCUSSION

1. Control Exoertmentg_:'

In all the experiments, +the left side of the dlaphragm was
denervated. Because anatomical differences In the blood supply to
the right and left rat hemidiaphragms have been demonstrated by
Green (1935), and +he work of Sola and Martin (1953) and Thomson
(1955) has shown the lef+t hemidiaphragm +o be lighter In weight, i+
was first necessary to compare the two hemidiaphragms for differences
In calcium fluxes in vitro and in vivo. Sham-denervated lef+ heml -
diaphragms were also compared. Hence, from the results presented
In Figures 9 and 12, no significant differences In the rates of Calts
influx in the two hemidiaphragms, either normal or sham-denervated,
were observed. Figure 22 shows there to be no significant difference
befween the left normal and sham-denervated hemidlaphragms and +he
right side. A similar comparison between +the two d:aphragm halves
is presented ln Figure 15 for Inul in-cl% extracellular space measure-
ments with no significant difference being observed. .Thus, the
conclusion from these resul+ts was that the calcium uptake by normal

and sham-—denervaTed hemidlaphragms was not significantly different.

2. Extracellular Space:

I'f the extracellular space Is considered as being solely
the In1'ersﬂﬂal space, it would +hen be absent In an isolated single
muscle fiber. However, the single muscle fiber calclum flux studies

by Curtis (1970) showed, In the efflux. curves, an inttial fast com-
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. Ca EFFLUX FROM LEFT AND RIGHT HEMIDIAPHRAGMS AT 25° ¢
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Figure 22 Ca”s'efflux from left and right hemidiaphragms. The
muscles were Ioéded for 10 minutes in vitro and 15 min-
utes in vivo, washed for 0, 16, 36 and 64 minutes,
with the remaining Ca*S In the two hemlidiaphragms at
the end of each washing plotted agalinst that in the
other. The slope of négression line In in vitro

was 0.995 and in vivo 1.073.
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ponent with a time constant of 17 minufeé. This inferred an extension
§f the extracel lular space beyond the Interstitial space and/or the
possible release of adsorbed caléium from bound sites. In view of

the elecTrgnmIcroscope studies of Franzini-Armstrong and Porter (1964)
and Huxley (1964) on fish and frog muscle fibers, proposing the
possible existence of fubular invaginations (T-tubules) of the sarco-
lemma into muscle fibers, the former could be considered a plausible
explanéTlon. To elaborate, Huxley (1964) demonstrated the passage

of ferritin, a proteln molecule of 110 A diameter, into the T-tubule
system, and hence a direct continuity between the fluid of the T-
fubules and the interstitial space; In other words, that the T-tubules
opened directly onto the fiber surface. ’bn this basis, therefore, the
T-tubule system could also be conslidered as part of the extracellular
space. Hence, Curtis (1970) explained the fast component of his
efflux curves as representing the efflux of calclun from the T-
tubules as well as from the surface adsorbed sites. Finally, It

has been noted that the measurement of the extracellular space,
depending upon the radioactive subéTance used, could be fictitiously
Increased by membrane adsorption or permeation. Because of the ili—
defined hafure of these factors, 1.e. the interstitial space, the
T—Tubular volume, and Thé degree of membrane adsorpTion or permeation
by radioactive substances, it would be extremely difflicult to
absolu+ély define or limit the extracellular space on a morbhoipgical
basls. Instead, for the Ca%S space expefimen+s here, it was elected
to define the extracellular space as that compartment of the muscle

into and from which lons or molecules could diffuse at rapid rates.
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Thus, from TheFCa“S space measurements, the total calcium
was noted to be larger In denervated than in normal muscle. Moreover,
after 1 hour wasﬁtng, 1+ was observed that the majority of the Ca'ts
was rapldly eluted out at rates which were approximately equal In both
preparations (t % for normal muscle being 10 minutes, t+ { for dener-
vated muscle, 9 minutes). This represented the fast component of
+he calcium efflux curve, the size of this component being found to
be larger for denervated ‘than normal muscle. As a result, i+ was
concluded that the majority of the Ca'*S was external to the muscle
fibers, with the fast component of the efflux curve thus representing
the "extracellular space", the definition of which has been discussed.

In +he measurement of the éxfracellular space, a varlety of.
substances relatively impermeable to the cell membrane'(Ca“S, radlo-
acffve NaZSOq; Inulin-Ct%, e+c;) have been used (Boyle et al., 1941;
Creese, 1965; Johnsén, 1955; Niedergerke, 1963; Levine, 1970).
NIedqrgerke (1963) showed that the relative extracellular space
volumes in frog heart ventricle, according to the substances used
wefe In the order Ca"5 » SO, > Inulin. Because Inulln Is aﬁ Inert
substance and least permeable to the cell membrane, Inul in-Cl* was
used here as a means +o-meaéure the extracellular space. From the
resul+s, It was found that the average Inulln space In normal rat
diaphnagﬁ was 0,145 % d.0679 ml/g of muscle. In denervafed muscle
It varléd with the number of denervation days. At 7 days denervation,
the peak of Increased muscle weight and hypertrophy, the Inulin space
increésed 19.72% more +han nofmal. However, for 21 to 29 days dener-

vation, when the muscle was within the normal weight range, the
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average Inulin space decreased to near normal values (0.144 + 0.016
ml/g). For 57 to 63 days denervation, the period of marked atrophy
and welght loss, the Inulln space increased 32.71% more than normal.
In the stage of hypertrophy following denervation, Miledi and Slater
(1969) ‘have demonstrated an increase In the cross-section fiber area.
Thus, concerning.The extracellular space In hypertrophy, the fol lowing
could be proposed:

(1) 1f the increase In muscle welght and cross-sectional
area was In the same proportion to that of fiber
weight and cross-sectional area, then the extra-
cellular space peF gram of muscle would remain
unchanged;

(2) }f the Increase In muscle weight and cross-sectional
area was correspondingly less than that of the
fibers, then the extracellular space per gram of
muscle would decrease;

(3) If the Increase in muscle welght and cross—éecf[onal
area was correspondingly greater than that of the
fibers, then the extracellular space would Ihcrease.

For 7 days denervation, i+ appears that the increase in

muscle3Weigh+vand cross-sectional area was cdrrespondlngly greater than
'Tha+ of the fibers, causing the observed increase in extracellular
space. Similarly, to explain the increase in the extracellular space
In extreme denervation atrophy, it could be proposed that the decrease
in muscle weight and cross-sectional area was correspondingly less

than that of the fibers. The results for 57 to 63 days denervation

ow
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tend to support this.

From the Ca%’ extracel!lular space measurements for normal
| and 19 to 38,days denervated muscle, higher values were obtained for
both (0.17 ml/g and 0.335.ml/g, respectively) in comparison to those
of the Inulin spaces (0.127 ml/g and 0.144 ml/g, respectively). '
However, because calcium lons possess a double positive charge as
well as a greater membrane.permeabiIITy than Inulin molecules,
t+hese fons may possibly be adsorbed either on the cell membrane sur-
face, or In some other readlly accessible region of the muscle,
causing the Ca“*5 measured extracellular space to be increased. Thus,
If the Inulin adsorption Is considered as negligible, the difference
between the Ca*5 and Inullin measured extracellular space yields
The.amounf of extraceliularly absorbed calcium, calculated to be
0.043 umole/g and O.19i umole/g for normal and denervated muscle,

respectively.
Our results of lnulin space in normal rat diaphragm did

not correspond with +h$se of Creese (1954), who found the average
InulIn space to be 0.264 ml/g compared to our value of 0.145 %
0.0079 ml/g. Our curve (not presented In the results) for Inulin
uptake resembled that of Creese with one exception. It reached a
plateau after 1 hour loading, Indicating equilibration of Inulin-Cl*
between The-exfraéellular space and the bathing medium, while Creese's
curve reached equilibration between 30 and 45 minutes. Unllke Creese,
cut strips were not used in our extracellular space measurements.

I+ could be speculated that the use of cut diaphragm strips would

allow Inulin-C1* +o pass through both the membrane sheath and cut
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edges of the muscle to occupy the extracellular space. On the other
hand, In our experiments Intact hemidlaphragms were used, allowing
the Inulin-Cl* to pass through only the muscle's membrane sheath,
hence taking a longer time to reach equilibrium., The Inullin space
values In normal rat diaphragm were compatible with those of LUlImann
(1958) for normal rat diaphragms, although a decrease of lnulin space
to near pormal values after 21 to 29 days denervation was observed
- whereas LUllmann observed an Increased Inulin space In 18 days

denervated muscles.

3. Efflux Experiments:

Throughout the experiments, the standard technique of
Shanes and Bianchi (1950) was used In order to study the calcium
fluxes from whole muscles. Using thelr analytical methods in the
efflux study, the Ca“*5 efflux curves were divided into two components:
(1) a fgsf'componenf occurring at the onset of
efflux with a vefy small half time of 9 to 10
minutes for normal and denervated muscles, as
observed In the experiments; and,
(2) 'a slow compartment occurring after 60 fo 90
.minufes with a relatively longer half time,
.e. 113 and 67 minutes for normal and dener-
va+ed muscles, as reported.
The fast component has been taken to represent the Ca%5 coming from
the exTracelIuIar}space, while the slow component to be that of the

Ca'%S from within the intracellular spacé, from which the uptake and
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release of Ca'3 has been shown by Blanchi and Shanes (1960) +o have
the same kinetics. Similarly, Isaacson and Sandow (1967) found that
thelr results could be described by a two component system. However,
Gilbert and Fenn (1957), and recently Langer (1964) have used more
than two compartments In describing thelr efflux curves of Ca"S

from frog sarférlus and dog heart muscle, respectively. As well,
recent studies of calclium fluxes In single muscle fibers (Curtis,
1970) haQe demonstrated in frog semitendinosus muscle there to be
three calcium compartments, each with different Ca5 efflux time
constants. The first, having a very small +ime constant, has been
attributed to the surface adsorbed Ca"5, and the Ca%5 from the
extracel tular épace (T-tubule space within the fibers). The second
intermediate compartment has been attributed by Curtis to the
membrane-bound Ca*5 on sarcoplasmic reticulum, while the third,

having the longest time constant, to the very poorly exchangeable
Ca'3 which probably is bound within the many Intracellular stores.
Moreover, Nlédargerke (1963), In cardlac muscle, has shown the calcium
extracellular space to be larger than that ot sulfate of Inulln,
suggesting that calcium may be bound either on the fiber surface or on
;ome other accessible reglon within the extracellular space.

Hencé, I+ could be concelvable that this bound calclum could elute
with a differenT time consfanT.Thén the calcium within the extra-
cellular fluid. The slow componént of the Ca*5 efflux curves of
Shanes and Bianchl nelther showed three compartments, as had been
found by Curtis (1970), nor did i+ exclude the possibility of bound

Ca*s eluting from the extracellular compartments at a slow rate.
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Since .The technique of Shanes and Bianchl was used, the slow
compartment of our efflux curve does not exclude the pqssibili'ry that
some of the calcium was eluted from the extracellular compartment.
However, because the difference In the half time of Ca*5 efflux from
+he fast and slow components was fourteen- and seven-fold In normal
and denervated muscles, a two-component analysis might not result In
too much an error in the ln+racellﬁlar Ca++ estimation. Furthermore,
assuming that the extracellular compartment would be equilibrated |
with the external bathing medium during 2 hours loading- +then after 1
hour washing it would be expected that 0.7 to 1.5% of the Initial
extracel lular calcium would remain, the rest being washed out as
six half times are gone during washing. Moreover, as the half times
were measured from regression |ines obtained from points after 90.
minutes washing, the possibility of error caused by Ca"*5 remalining
In the extracellular compariment would be reduced.

As mentioned, this technique using whole muscle c;ould not
be used for the further anélysls of different calcium éompar‘l‘men‘l‘
sizes within the slow component, nor for the rate at which calcium
entered and left these compartments., For this, a single fiber study
would be more useful. However, fo»r‘ the calcium flux measurements.
here, where the interest was in the total Intracellular uptake and
the rates at which It moved In and out from the cell, this technique
was suitable. Similarly, for the determination of the 'total' extra-
'cel lular space for different durafions of denervation, a whole muscle

was more suitable.

Although In most of the experiments dlaphragms denervated
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for 19 to 38 days were used, during the course of experimentation
1+ was observed that the Ca £luxes also depended upon the number of
denervation days. Thus, to study this effect, denervated muscle
preparations were catalogued Into four, groups based upon the observed
condition of the diaphragm after denervation. Initially following
denervation, rat dlaphragm shows a temporary hypertrophy with an
increase in both wet and dry weight (Martin & Solé, 1948; Sola &
Martin, 1953; Thomson, 1955), the maximum being reached within 6 1o
8 days. These hypertrophied muscles formed the first group. |
Another. grouping consisted of 14 to 20 days denervated muscles in
which the weight decreases to almost that of normal. However,
because the fransitional changes in welight from +hat of hypertrophy
to normal to atrophy were difficult to define, this group was studlied
only in one series of efflux experiments. The next group consisfed _
of muscles denervated longer than 3 weeks In which atrophy occurred
with a decrease iniwqighf. Finally, within the last group were
+hose muscles of Iéng t+erm denervation, which undergo marked atrophy
to about half the welight of normal . Because Thomson (1955) has shown
that prolongation of denervation beyond 42 days resulfs ln loss in
wet and dry waighf of the right normal hemidiaphragm, for each set
of experiments the denervated muscles were compared with the
corresponding normal side.

| From the data on resting calcium fluxes, two important
conclusions were made. First, both fhe rates of calcium efflux and
influx were Increased in denervated muscle. Second, these rates

were dependent upon +he number of denervation days,, gradually in-
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creasing with prolongation of t+he denervation period, from 7 to 61
days, and approaching a maximum beyond two months of denervation.
How long these fluxes would contlinue Increasing with prolonged
denervation is difficult to state since no preparations were studied
beyond 62 days denervation. The data on calcium Tnflux showed that
+he total exchangeable calcium was more in denervated muscle, while
the da+a from the efflux experiments showed that in 2 hours calclum
up+ake by denervated muscles was, greater when the muscle was dener-
vated for 40 to 61 deys, as compared to 7 to 8 days. Because
Bianchi and Shanes (1960) have shown that the kinetics of calcium
uptake and release were about +he same In passive condltions, this
Increased uptake of calcium In 40 fo 61 days denervated muscles ‘
would be expected on the basis of the faster rates of calcium
fluxes in these muscles. To estimate the total exchangeable Intra=-
fiber calcium, the amoun+s of calcium Taken up by normal and these
two groups of denervated muscles are calculated for infinite loading
+ime (with the time constants derived from the efflux curves of

each, group, see Table 11) using the equation:

) = Y@ (1 = o 0y

wherevy(f) = amount of Ihfracellular-celcium affer’ + minutes ef
' loading
y () = amount of fnTracellular calclum after infinite loading
e=emqwm1m
. - .

loading Time In minutes
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T,g. = t1me consfanT for the rate of influx In minutes (it
‘was assumed that the rates of Influx and efflux were
the same In resting muscle)

By this, The calculaféd amounts of Intracellular calcium |
uptake at Infinite loading are:

(1) normal muscles, 0,772 * 0.036 umole/g

(2) 7 to 8 days denervated muscles, 1.359 % 0.106 umole/g

(3) 46 +o 61 days denervated muscles, 1.038 % 0.062 umole/g

To explalin +hé first value, If a normal muscle Is placed in
a solution of 1 ymole/ml Ca, then after equilibrium has been reached,
+he amount of exchangeable calcium In the muscle/g would be less

" than that amount/ml which Is equilibrated In the fluld volume of the

muscle. |n other words, assuming that 75 %o 80% of muscle is water,
+hen the maxImum amount of exchangeable cafcium in the muscle/g at
equilibrium would be between 0.75 to 0.8 umole/g. Within this range
Is the calculated amounflof exchangeable calcium In the Intracellular
compartment of normal muscle. Continuing with the above calculations,
In the 7 o 8 days denervated muscles, although the fluxes are slower
than those of 40 o 61 days denervation, it Is apparent that the
exchangeable calcium Intracellular compartment size has increased In
comparison ‘o Tﬁa+ of the 40 to 61 days denervated muscles In which
i+ has decreased. [t is to be noted that These experimen%s do not
quantitatively measure the non-exchangeable calcium fraction in any
of these muscle preparations.

Recently, Lahrtz and LUllmann (1967) measured the +o+al

calcium content and Ca%*S efflux from normal and 8 to 10 days chronically
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denervated rat diaﬁhr_agm. They observed no significant difference In
the total calcium content nor in the rates of efflux between normal
and denervated muscle, f.e. for a 1.8 mM calcium solution, the total
calcium content was 2.61 umole/g and 2.8 umole/g In normal and dener-
vated muscle, respectively. However, the total calcium content of

a muscle has been shown to depend upon the external calclum concen-
tration of the ba1;hI.ng medium (Gilbert+ & Fenn, 1957; Blanchl, 1968),
and since in these experiments a 1 mM solution was used, and no
attempt made to estimate the total calcium content of the preparations,
it was not possible to compare data with that of Lahriz and LulImann.
Whereas they found no difference in the half times of Ca'5 efflux from
norma.l and 8 to 10 days denervated muscle (i.e. 70 minutes for both),
our experiments showed that the half time for Ca'*5 efflux was not
only shorter in denervated muscle, but also dependent on the numbe-r'
..of denervation days. A possible reason for the discrepancy of

results could be the difference in techniques, as here the remaining
Ca"*5 in a central piece of muscle was measured, not the effluent.

The difficulties involved in measuring directly the Ca%5 efflux

was belng discussed in the resul+ts. .

HoWeve_r, Isaacson and Sandow (1967), using 1 mM calcium
bathing solution, estimated the total calcium content of normal rat
EDL muscles to be 1.78 umole/g. Assuming this value to be the same
for normal rat dlaphragm, then our value of the exchangeable calcium
in normal muscles (0.77 umole/g) would indicate that 44% of the total
calcium of the whole muscle was exchangeable, approximatlng Isaacson

.and Sandow's value of 50% for EDL muscle, and Curtis' (1966) value of
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47% for single frog muscle fibers. Furthermore, +he value of exchangeable
calcium in whole muscle (0.77 umole/g) obtained here was in close esti-
mation to the values of Gilbert and Fenn (1957), Shanes and Bianchi (1959)
and Curtis (1970) as quoted in a table by Curtis (1970).

The exchangeable calclum in whole muscle discussed so far rep-
resented the slow component of the efflux curves. This large amount of
calcium would be expected to be In some form of bound complex since -
free jonic calcium at rest in concentrations greater Than 1073 mM, would
cause a contracture in the muscle (Bianchi, 1968). Supporting this, the
recent autoradiographic iocalizafion experiments of Winegrad (1968, 1970)
show this fraction of bound calcium to be present in the sarcéplasmlc reti-
culum (including the +ermiﬁa| cisternae, the intermediate cisternae and
the longitudinal tubules) which has a volume of 13% Qf Thé total muscle
(Peachy, 1965). Calcigm in the sarcoplasmic reticulum may also exist in
free, ionized form but it must be very low. Thus The intracellular cal-
cium would be expecTed +o be bound or sequestered in the sarcoplasmic
reticulum. Since the +ime Porter and Palade (1957) described the fine
.STrucfure of the sarcoplasmic reticulum, and the local activation experi-
ments of Huxley and Taylor (1958), it has been suggested that the triads of
sarcoplasmlc refxculum are lnvolved in the coupllng of surface exci—
+a+uon To conTrac+|on within striated muscle The development of this
hypofhesis has been reviewed several Tlmes in the recenf years
(Huxley, 1959; Huxley & Peachey, 1964; Huxley, 1964; Porter, 1961;
Peachey, 1965; Franzini-Armstrong & Por+ter, 1964}. I+ is generally
believed that the T-tubules are elecfrically coupled to the terminal
cisternae, and that the depolarization of the fibef surface spreads
inwards along the T-tubules to the terminal cjsTérnae, causing the

release of calcium. Furthermore, recent studies of Winegrad (1968,
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1970) have demonsfrafed +hat the resting exchange of calcium occurs
primarily between the terminal cisternae and the T-tubules, 80% of
+he surface of which has been shown by Peachey (1965) to be covered
by the flattened surfaces of the terminal cisternae. Winegrad also
s+udiéd +he movement of calclium during tetanus, namely its rélease
from the sarcoplasmic reticulum and its association with the contrac=
tile proteins. Thus we could assume that although in the normal
muscle preparations most of the intracel lular calcium would be present
in the bound form within the sarcoplasmic reticulum, i+ could never-
+heless be slowly exchanged to the extent of 44%. Similarly, from
+he results using different durations of denervation, we wou |d
again assume that the increased amount of exchangeable calcium was
stored within the sarcoplasmic reticulum of these muscles. It Is
to be noted agaln +hat evidence Is lacking to show whether the
total Ca content of the whole denervaTed muscle was increased. It
could only be stated that the exchangeab|e fraction was Increased and
that the latter may also be Increased.

The question arises what could be the possible causes for
an Increased exchangeable Ca fraction in denervated muscles. Two
apparenle confllcTing suggestions have been made:

n Pellegrino and Franznni—Arms+rong (1963) have shown
that in rat soleus and gastrocnemius muscle followlng
denervation, the myofibrillar elements disappear
faster than the reticular elements, thus increasing
+he amount of sarcoplasmic reticulum relative fo the

amount of contractile material. They also reported



. 127,

that the first change obserQed fn the sarcoplasmic
reticulum Is a process of fnagmenTaflon into iso-
lated vesicles by which the longitudinal elements
lose thelr continulty over the sarcomere length.
This has been confirmed by Schrodt et!al. (1965)
who observed lamellar arrays of membrane enclosed
cisternae, suggesting that they could be derived
from the elements of sarcoplasmic reticulum, It
s possible that these morphologlical changes In the
sarcoplasmic reticulum structure could account for
the differences in calclum accumulating activity
of the denervated muscles.
(25 Recently, on the other hand, Howell and Falrhurst
(1966), using glycerol extracted Isolated sarco=--
plasmic reticulum from rat diaphragm and gastroc-
“nemlus muscles, showed that the calcium accumulating
capabl ity of the sarcoplasmic reticulum Increased as
a result of denervation, suggesting that denervation
by itself could result In other changes in the muscle
besides altering the ratio of the amount of sarco-~
p]asmic reticulum and the conTracTile‘elemenfs.

In this regard, one cannot rule out the possibility
that alterations in the kinetic characteristics of

the calcium pump may occur as a result of denervation.

Since the characteristics of the cell membrane change after dener-

vation (Nicholls, 1956; Harris & Nicholls, 1956; Lullmann, 1958;
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Hubbard, 1962, 1963), I+ would not be surprising if the properties
of the Intracellular membranes were also changed. The fact that
caffelne Is more effective in réleasi.ng calcium from the sarco-
plasmic reticulum In denervated muscles as compared ‘o the normal ‘
(Gutmann & Sandow, 1965) also suggested that blochemical as well as
morphological changes could take place. This may again account for
the differences In the Ca accumulating activity of the denervated
muscles,

With regard to the firs+ possibility mentioned, the results
obtained from 7 to 8 days denervated muscles are difficult to Inter-
pret in view of the hypertrophy which Is reported to occur in these
muscles (Sola & Martin, 1953; Thomson, 1955). The Increase In welght
In denervated dlaphragm Is accompanied by an Increase in the fiber's
cross~sectional area and the number of myofibrils In them (Miledl &
Slater, 1969). Stewart (1955) also has reported hypertrophy to be
accompanied by an Increase In the amounts of sarcolemmal and contractile
proteins, belng greater in the former (35%) than in the latter (27%).
Whether or this Increase in the sarcoplasmic o contractile
proteins ratio reflects a greater hypertrophy of the sarcoplasmic
reticulum has not yet been shown by electronmicroscope Investigations.
Our results show the largest exchangeable calclum fraction to be In
7 to 8 days‘ denervated muscles which could thus be due to elther

such a hypertrophy of the sarcoplasmic reticulum or its altered

pumping properties.
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4. Influx Experiments:

The Influx data showed that the rates of influx were faster
In denervated muscle as compared to normal. I+ was also observed that
the rates of Influx depended on the number of denérva+lon days. This
data was presented in terms of uumole/g/sec, which does not consider
the fiber surface area. Since the movement of fons occurs through
the cell surface membrane, a change In the cell surface area wohld
largely alter the movement of lons per unlt area of the membrane,
although the welght/volume ratio would remain constant. If, In
addition, the surface area of the f—fubules, calculated to be seven
times the cell surface area (Peachey, 1965; Blanchi, 1968) is considered
then the surface area avallable for diffusion would be tremendous,
The muscles investigated here were used after various periods of
denervation, where they are reported to be either In extreme hyper-
trophic or a+rophfc conditions., Thus, It became necessary to present
the results In terms of influx per unit surface area to see If the
faster rates of influx In these muscles were due 1o an Incréased or
decreased cell surface érea, or an effect of denervation Itself.

Bianchi and Shanes (1959) have calculated the outer surface
membrane area to be 300 cm2/gm, taking the average fiber diameter
to be 100 u in frog sartorius muscles. The .fibers constitute a
fraction of the total muscle as given by the ratio (total water -
extracel lular water)/(total water), which Is approximately equal to
0.8 (Bianchi, 1968). Thus, If i+ was assumed that the volume of the
fibers present In 1 gram of muscle was equal to 0.8 cm3, then the

length of the fibers the surface area could be calculated using
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the equation: ”

Surface Area = 2wrL

]

where length, L = volume/wr2, Hence, knowlng the fiber diameter, the sur-
face area‘could be calculated. Since Tﬁe fiber diameters were not measured
In rat dlaphragms during these experiments, for the purpose of the above
calculations, these were derived from the work of Zolovick et al. (1970)
and Miledi and Slater (1969). The average flber diameter taken from
Zolovick's work was 40 um for normal muscles, the calculated fiber sur-
face area belng 800 cmz/gm, and the average rate of Influx at rest cal-
culated fo be 0.075 uumole/cm2/sec. The average fiber diameter calculated .
from the work of Miled! and Slater (1969) for normal, 9 days denervated

and 46 days denervated muscles were 15 um, 21.4 um and 18.2 um, respect-
fvely; the calculated fibers' surface areas were 2133 cm2/gm, 1495 cm2/gm
and 1758 cm2/gm, respectively, and the average rates of influx were cal-
culated to be 0.028 pumole/cm2/sec, 0.055 pumo le/cm2/sec and 0.112 Humole/
‘ cm?/sec. The value thus calculated for normal ra+ diaphragm (0.028 Hu
mole/cm2/sec) Is about 34 times smaller than that reported by Bianchl and
Shanes (1959) for whole frog muscle (0.094 uumolé/cmz/sec) and about 10
times smaller than that reported by Curfis (1966) for frog single twitch
muscle fibers (0.26 wumole/cm2/sec). Desplfe'fhese calculations being
based on many assumpflons, they, nevertheless, indicate that the calcium
Influx per unit area of the flber increased with the prolongation of the

denervation period.

5. Electrical Properties:

From the data on action potential recording at 35°C, two
Important differences between normal and denervated muscle were noted. -

First, the resting membrane potential in denervated muscle as compared
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+o normal, decreased on +he average by 11 mV. Second, the duration
of the actlion potential In denervated muscle Increased to about twice
that In normal muscle.

Concerning the $1rst observation, the questlon arose as to
+he possible cause for the decreased potential. [+ is known that
biological membranes are semipermeable, the permeabllity depending
+o different extents on +he nature of the lons present on both sides.
Hence Goldman (1943) showed, with the assumption that the eleciric
field inside a cell was constant, that the membrane potential was
represented by the log of a sum of products at permeablliTies and

concentrations, or in mathematical terms:

RT Py [KI * Pyg [Nalg * Py [cl;
M-P. - F |_Oge

Pk [K]i * Pha [Na]l + Py [Cl]o

where M.P. = Transmembrane potential
R = Universal gas constant
T = Absolute temperature
F = the Faraday (number of coulombs per mole of ;harge)
e = Base of natural logarithms = 2.718
PK’ PNa' PCI = Permeabilities of K, Na and Cl

The same equation was derived by Hodgkin and Katz (1949)
under more, general assumptions. According to this equation, there
are at feasf three different lons, I.e. Kf, Na+ and C!~ which can
appreciably cause a change In membrane potential, as was observed

in denervated muscle, if the membrane permeablliflés were altered.

Using the denervated frog sartorius muscle, Nicholls (1956) showed
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an Increase in the membrane resistance, while Harrls and Nicholls (1956)
found the membrane permeability to K" to be decreased In these prepar-
atlons. |In addition, Klaus, LUlImann and Muscholl (1960) have shown

by radlotracer techniques, that in denervated rat diaphragm, potassium
fluxes were reduced to ¥ to 2/3 of the normal value. Furthermore,
Thesleff (1963) also observed an Increased membrane resistance In
denervated rat diaphragm, suggesting this to be due to decreased
potassium conductance. LUlImann (1958) have also observed a net loss
of pofasslum from 18 days denervated rat diaphragms, as well as a

. greater loss of K+ compared to normals when placed In normal saline.
Thus, in the Light of the above studles, it may be assumed that a
decreased membrane permeability to K+ could cause a decreased membrane
potential in denervated rat diaphragm. According to the Goldman
equafion, a reduction in the K conductance would enhance the Influence
of Na+ and Cl~ on the resting membrane potential and cause depolar-
fzation. In accord with this, Drahota and Gutmann (1963) have shown
that denervated EDL muscles could not maintain normal internal Na+

and K+, and that they accumulated Na®. Recently, Hofmann and De Nardo
(1968) reported that the accumulation of Na® In the Intercostal muscle
fibers af myotonic dystrophy patients appeared due to an Increase in
Na* conductance of the muscle fiber membrane. Furthermore, Dockry et!
al. (1966) reported the promotion.of Na® excretion and K' uptake in

rat mdséles with an intact nerve supply. Hence i+ could be assumed
Tha+Ain denervated mﬁsclevan Inéréésed permeébili?y ofhfhé memb rane

to Na+ or a mal functioning of the Na+ pump would cause an intracellular

accumulation of Na' and so decrease ‘the membrane potential. Concerning
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the effect of CI~ on resting membrane potential, Hubbard (1962, 1963)
measured the Cl~ conductance ln.denervéfed frog sartorius muscle, and
found it remained unchanged after denervation. Hodgkin and Horowicz
(1959) have shown In frog skeletal muscie that variation in PCI would not
have a long term effect on the membrane po+en+lal if the chloride ion is
distributed in equilibrium. |f the same was assumed true for denervated
skeletal muscle, then CI~ ions would not be involved in decreasing the
resting mémbrane potential.,

The Goldman equa+fon does not consider calcium because of
the small amount of current carried by this ion. Howevef, In denervated
muscle, where K+ permeabi ity has been shown to be decreased and calcium
fluxes Increased, perhaps via both the external and Internal membranes,
the permeability of calcium would be expected to be Increased. Therefore,
it could be stated that in denervated muscle where +he K& permeabi |1ty
has been shown to be decreased and the calcium fluxes to be Increased,
that calcium ions céuld play a small role in conjunction with other ions,
to create a decrease in resting membrane éoTenTia[.

" From this, another question arises,.i.e. are the increases
In catt fluxes the cause of a low membrane po+en+lal.or the resul+t
of a decrease In membrane potential. The first part, discussed above,
is very difficult to answer from our experiments, although It is well
known that adsorption of Ca++ can influence the membrane permeabl | ity
to other lons (Frankenhaeuser & Hodgkiq, 1957). Concerning the second
part, in general the reduction of the resting membrane potential
causes an increase in caicium influx and efflux even fn normal muscle
(Blanchi & Shanes, 1959; Blanchi, 1960). The event normally leading
to contraction in the muséle Is the depolarization of +he'res+ing

membrane potential (Kuffler, 1946; Sten-Knudsen, 1954; Sandow, 1955;
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" Sandow et al., 1965). Once the membrane po+§n+ial fé depolarized

to threshold level, the tension versus membrane potential curve

fol lows an S-shaped process (Hodgkin & Horowicz, 1960), The same

. geheral shape of curve has been observed when calcium influx in frog
sartorius muscle Is measured at varlous k+ concentrations (Welss &
Bianchi, 1965). Similarly, acetylcholine contractures during pot-
asslum depolarization have been shown to cause an Increased calcium
ﬁpfaké by denervated rat dlaphragm as compared to depolarized muscles
not treated with acetylcholine (Jenkinson & Nlcholls, 1961). Besides,
isolated sarcoplasmic ré?lculum from denervated muscle has beén

shown to be capable of accumulating 2% to 3 +imes more calcium

(Howsl | et al., 1966; Brody, 1966), however, here no memb rane potential
or barrier was fnvolved, I+ Is therefore suggested that besides
decreased membrane potential, some other post-denervation changes

in the membrane properties appear to be responsible for the Increased
calcium fluxes. This point may perhaps be clarified by a study of
calclum fluxes from normal and denervated muscle under conditions

in which the membrane potential could-be decreased or increased by
about 10 to 15 mV,

Following denervation, the duration of action potential In
rat diaphragm was observed to be Increased from 1.3 mS to 2.1 mS.
Slnce_fhe action potential could be roughly divided Iﬁfo'a rising
and a falling phase, a prolongation of one of these two phases, or
both would prolong the duration of action potentials. Katz (1947)
and Hodgkin and Katz (1949) showed the rate of rise and peak amplitude

of the action potential to be related to the external sodium concen-
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.TraTlon. Recently, Albuquerque and Thesleff (1968), and Redfern and
Thesleff (1971) have shown that after denervation, the rate of rise
of the action potential decreased by 40% and 50% In EDL and soleus
huscles of rats.

Moreover, Redfern and Thesleff (1970) showed that when the
sodlum concentration of the bathing fluld was reduced from 145 mM
to 45 mM In the presence of tetrodotoxin, the rate of rise of the
action potential in denervated muscle was reduced by one third, with
a further reduction of external sodium concentration to 17 mM almost
abolishing the spike generation. Although the duration of rising
phase of the action potential In our experiments was not measured,
1f the same was true for rat diaphragm as in rat EDL muscle, then a
small Increase in the duration of action potential could also be
caused by a decreased rate of the rising phase. However{ the most
obvious change in the action potential after denervation noted in our
records was the prolongation or the repolarization phase, this most
probab]y being the major factor for the increase in the duration of
action potential. From the studies of Katz (1947) and Hodgkin and
Katz (1949) on action Eofenfials, it has become obvious that a sudden
decreasé In sodium conductivity and reciprocal increase in the potassium
conductance results-in an increased K+ efflux and decreased Na+ influx
causing repolarization. There has been ample evidence to show that
after denervation, the membrane resistance increases and the potassium
permeabi ity decreases (Nicholls, 1956; Harris & Nicholls, 1956;
LulImann, 1958; Klaus et al., 1960; Thesleff, 1963). This would suggest

that potassium efflux, although momentarily Increased
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during the repolarization phase, may be less than that In normal
muscle, therefore taking a longer time to repolarize the membrane
despite the already low membrane po+en+lal. Furthermore, there has
been some evidence that Na® conductance Is Increased In myotonic
dystrophic muscles (Hofmann et al., 1968). If this was also true
for denervated muscle, then at the peak of depolarization, Na+ con-
ductivity would be higher In denervated than In normal mﬁscle, further
accounting for a longer duration of the repolariza+ton phase,

Shanes (1958) has further suggested that the Influx of Na® and the
efflux of K' could interact when the two became of the same order

of magnitude, such interaction occurring if Na+ and K+ moved through
the same membrane pores but in opposite directions (Hodgkin & Keynes,
1955). Therefore, an Increased conductivity of'Na+ in denervated
muscle at the peak of depolarization, could interact with +he out-
coming K+, further Increasing the repolarizing phase of actlon
potential.

Reduction of the temperature to 25°C caused two important
changes in normal muscle. One, a reduction in the membrane potential
by 8 mVé Two, an increase In duration of the action potential by
twice Its value at 35°C, However, in denervated muscle, the reduction -
in temperature did not appear to effect either the membrane potential
or the duration of the action potential. Thus, the difference between
normal and denerva%ed ﬁuscle at 25°C became very small.

According to the Nernst equa+fon, the pd+en+lal across
semlpermeablé membranes Is a positive linear function of absolute

temperature. In this regard, Ling and Woodbury (1949), Jenerick and
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Gerard (1953) were successful in applying +his equation to muscle
membranes; however, Hodgkin and Katz {1949) were unable to demon-
strate a similar relationship for nerve axons. On the other hand,
Goldman (1943) has theoretically Indicated t+hat temperature could
alter the permeability of cell membranes to K+, Na+ and Cl~ Tlons,
making the potential a complex function of temperature. However,
nelther +he Nernst nor Goldman equation has been completely able to
account for all the experimental data. For example, a great reduction
(Tobias, 1950) or an increase (Grundfest et al., 1954; Folk & Gerard,
1954) in the intracellular Kkt concentration has been shown not to
alter membrane potential to the extent predicted by these equations.
Therefore, it has been sqggésTed (Apter, 1960) that the concentration
of calcium in or at the cell surface controls the membrane potential.
Further, Apter suggested that the effects of other ions and temperature
on membrane potential were produced by changes in the concentration
of membrane calcium,
1t has no+ been possible here To comment on the validity of
+he Nernst or Goldman equations in describing the effect of ftemper-
~ature oh fonic fluxes as such a study was not done. ‘Nevertheless,
at least two possible explanations can be proposed for the decreased
membrane potential In normal muscle for a reduction In temperature
£rom 35°C to 25°C. At low femperatures, the fonic fluxes would be
expected to be decreased as those of calcium In our experiments.
A relatively greater decrease in permeability to K" +han

Nat would then account for our results.

The second possibility would be the slowing of enzyme‘
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systems. To maintain the resting membrane potential constant, say
at -85 mV inside, a sodium pump is required, which uses energy from
ATP breakdown. Because most chemical reactions are slowed at low
temperatures, a slower breakdown of ATP would therefore reduce the
funcfion{ng of the sodlum pump, with a resul+ant accumula+tion of
Na* within the cell from the continual passive leakage from Its
high extracellular concentration, plus a loss of K+. This would
cause the membrane potential to be decreased. The same mechanism
has been proposed by Harris (1940) for red blood cells, in which
storage at low temperatures reduces the membrane potential as a
result of loss of K and accumulation of Na+. The same may also be
true for normal rat diaphragm at 25°C. However, further study
of dlfferénf ionic fluxes at 25°C in rat diaphragm would be required
to clearly understand the causes of decreased membrane potential,
The prolongation of action potentlals at 25°C In normal
muscles presumabl?‘resulTs from decreases In permeabllity o potassium
and sodium Tons. The reasons for these differences between normal

and denervated muscle are unclear.

6. Glycerol Treated Muscles:

Since most of the work using 400 mM glycerol o dlsrupf
T-tubules has been done on frog muscle (Eisenberg & Gage, 1967, 1969;
Gage & Elsenberg, 1969; Henderson, 1970; Howell, 1969; Fujino et al.,
1961, 1962; Sakai et al., 1970), very |ittle has been known In using
k3 féf mammal fan skeletal muscle (Niemeyer & Forssmann, 1970). We

have triéd this technique, finding that it works in rat dlaphragm
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in the sense that fwitch dlmost completely disappeared while the
action potential could be recorded from almost all the surface fibers.
However, the condition of the deeper fibers was not known as no acTIoﬁ
~ potentials were recorded from them. The only difference between frog
and rat muscle noted here was that the duration of glycerol treatment
for rat muscle also depended upon the temperature.

Upon exposing a muscle fo a hypertonic medium, the twitch
tension immediately decreased, ThI; being belleved to be caused by a
rapid outward movement of water from the muscle, thereby causing an
increased ionic strength inside the cells (Hodgkin & Horowicz, 1957;
Gordon & Godt+, 1970). A similar effect was seen in rat diaphragm
when 1+ was exposed to 400 mM hypertonic glycerol -Krebs, but, unlike -
frog skeletal muscle (Fujino et al., 1961, 1962; Howell, 1969),
there did not appear to be any recovery of twitch tension In elther
normal or denervated muscle at 35°C. In both, +he twitch tension
remained decreased after the initial sharp decline. The membrane
potential was not effected by the glycerol tfreatment, but the
negative after potential in most+ of the action potential recording
was absent. The other differences between normal and denervated
muscle remalqed unchanged.

The disappearance of negative after potential observed In
rat diaphragm after; glycerol +reatment, has also been reported pre-
viously'for frog sartorius muscle by Gage and Eisenberg (1967, 1960).
They believed that the early after potential had a reversal potential
‘within a few millivolts of the resting membrane potential. Moreover,

because i+s time course was very small, the early after potential
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was almost absent In glycerol treated muscles. Nevertheless, thelr
polarization experiments showed the negative after potential still
to be present in glycerol treated muscles. Henderson (1970), also
reported similar results, showing the muscles to r,egain a negative
after potential. However, In our experiments, a decrease In the
membrane potential in either normal or denervated muscle after gly-
cerol treatment was not observed, while the negative after potential,
in almost all the recorded action potentials was noted to be either
absent or. greatly diminished. In a few cases, a positive after
potential, particularly in the denervated muscles, was noted.
However, polarization experimenis would be required to determine
the equilibrium potential, as well as the time course of the after
potentials, if still present.

The most striking effect observed In the glycerol treated
preparations, was the increased calcium uptake. After treatment,
this Increase was, on the average, nine-fold In normal and three-
fold in denervated muscle during the first 5 minutes, with the calcium
uptake becoming equal in both normal and denervated muscles within
15 minutes. These results are quite puzzling in view of the results
obtained from non-glycerol treated muscles where denervated muscles |
always took up more calcium at a faster rate as compared to the normal
muscles. |f it is assumed that the glycerol treatment does something
to Thesé muscles, then perhaps a few speculations can be made to
explain these results. |f the T-tubules were disrupted after gly-
cerol treatment, then most of the calcium fluxgs would be expected to-

be blocked. From our experiments there was nelther direct evidence .
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to show that the T-tubules were broken, except that the twltch
Irreversibly disappeared while normal action potentials were re-
cordable from the surface flibers, nor could a block be shown in |
the calcium Influx. Instead, what was observed was a large calcium
uptake by both normal and denervated musEIe after glycerol treatment
possibly due to some kind of damage to the muscle by glycerol, for
which there was no evidence. However, the thing to note was the
faster uptake of calclium by Thé normal muscle. If It was assumed
that dglycerol treatment disrupted the T-tubules as In frog muscles,
and that the damage dbne by glycerol to both normal and denervated
muscle was comparable, then It could be concluded that after glycerol
treatment more calcium moves through the surface membrane in normal
muscle, and less In denervated muscle (Fig. 21). '|f the same
conclusion Is applicable for the non-glycerol treated muscles, then
it must be assumed that more calcium fluxes occur through the T-

tubules In denervated muscle and less in normal muscle.

7. Effect of Caffeine:

The experiments at 15°C on the effects of caffelne on raT
diaphragm showed that the normal muscles developed greated con-
tracture tenslon than the denervated ones, and that this tension
was sustalined as long as they were exposed to caffeine (60 minutes),
The normal muscle, which developed greater tension, showed a parallel
Increase in the calclum efflux. Simllarly, the denervated muscle,
which showed a small contracture tension, also showed a smaller
difference between the resting calclum efflux and fhe efflux during

contracture.
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8. Effect of Electrical Stimulation:

Electrical stimulation was seen to Increase the calcjum
influx in both normal and denervated muscle. Normal muscles pFo-
duced greater tension than denervated muscle. Likewlse, the differ-
ence between the calcium Influx during rest and during stimulation
was more in normal muscle. Although this indicated that +he in-
crease In calcium fluxes in rat diaphragm were associated with an
Increase In the development of tension, a possibllify of error
cannot be neglected in these experiments. The muscles were loaded
here for a very short time, i.e. 10 minutes only, which is the half
time of efflux of Ca*5 from the fast or extracellular compartment
of these muscles. This would mean that +he extracellular compart-
meﬁ? of these muscles is not saturated during 10 minutes loading
and -possibly all the fibers are not exposed to the radioactive
Ca*5. In such a situation, a li++le contraction might have acted
as a pumping source to fill the fnTréceflular space quickly and
exposing more fibers to the radicactive solution. This would
mean that the Increased Ca uptake during s+imula+iop might have
been due to the exposure of more fibers to the radioactive solution
Insfead’of the Ca entry into the cells as a resul+ of membrane
depolarizafioﬁ during actlon potential. Although the muscles used
were very thin and the tension was recorded Isometrically, this

possibility of error still remains.

9. Correlation with Mechanical Properties:

The primary purpose of this project was to study the effect
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of denervation on passive calcium fluxes and on some related electrical
propertias In muscle membrane, although In two sets of experiments, the
effect of stimulation and 20 mM caffelne was also studied Tn conjunction
‘with the related calcium fluxes. During the course of experimentation
no attempt was made at correlating calcium fluxes with the observed
electrical property changes or with the change In mechanical pro-
perties previously described In denervated muscle (Padsha, 1968;

Padsha & Winchester, 1968). Hence, within the following discussion,
the possible relationships between these passive calcium flux studles
and some of the mechanical property changes in denervated muscle will
be discussed in terms of excltation-contraction coupling, the role
“of electrical property changes, and possibly pathways of calclium
movement,

From the data presented, it was shown that calclum fluxes
were greatly increased as a result of denervation, suggesting some
resultant alteration in muscle membrane with an increase in its
permeabl!ity to calcium. For this, there could be at least three
possible mechanlsms: '

(1) that a decreased K permeability, as shown by

oTheréL greatly Increases PCa’ driving calclum
into the cell.

(2) that Increased Na® permeabi ity secondéry to
denervation may result In intracellular Na+
accumulation, with a correspond[ngly smal ler
Increase In Na+ pump activity, leading, If a

reciprocal assoclation between catt Influx and
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Na+ éfflux,exisTs, to Increased calcium fluxes;
(3) that a greatly Increased calcium pump activity

In the sarcoplasmic reticulum would not only

Increase catt fluxes but also accumulate more

Ca't within the sarcoplasmic reticulum,
The results also showed that the calculated amounts of intracellular
calclum Increased in denervated muscle, suggested the existence of
some bound complex form of calcium. Supporting this, evidence from
elecfronmicroséope studies has demonstrated In denervated muscle
during atrophy, a relatively large sarcoplasmic reticulum (Pellegrino
& Franzini-Armstrong, 1963) and membrane enclosed cisternae (Schrod+
et al., 1965), possibly accounting for a large sarcoplasmic reti-
culum storage capacity for calcium as per. gram of muscle. Further-
more, Winegrad (1968, 1970) has demonstrated the accumulatlion or
bindlng'of calcium in this region, and its release as free lons
during an action pofenTial. THus, it could correspondingly be
assumed that In denervafed muscle, large amounts of calcium could
be bound 1n the sércoplasmlc reTi;ulum.

With the generatfon of an action potential, the depolar-
izing current extends Tquugh T-tubules, releasing free ionic
calcium within the vicinity of the contractile maéhinery. Hence,
fromifhe results in which the duration of the action potential in
denervated muscle was found to be twice that of normal, 1+ would
be expected that the membranes would be depolarized for a longer
fime,'releas[ng more calcium. Consequently, this could lead to an

‘Increase in the duration of the active state, as observed by Padsha
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and Winchester (1968), and a longer duration of Isometric twitch
(Padsha, 1968). Both the above could possibly be accounted for in
terms of the relaxing factor, that is, if In denervated muscle
there was a delay in the rebinding of calcium fto the sarcoplasmic
reticulum, there would remain more calcium In the lonic form at
the actin-myosin Junction, resulting in a prolongation of the
duration of both active state and twitch. It has also been shown
by Padsha and Winchester (1968) in denervated muscle, that the
twitch tension, although smaller than In normal muscle at low temp-
eratures, became approximately equal to normal at 35°C, the reason

being that in normal muscle twitch tension decreased for +empefa+ures

_greater than 20°C while In denervated it Increased [tnearly. This

could be explained by assuming at higher temperatures that:

(1) in normal muscle calcium becomes more firmly
bound with less released during the duration
of an action potential and/or it becomes re-
bound more rapidly;

(2) 1iIn denervang muscle, more calclium becomes
released during a longer duration of the
action potential and/or its rebinding
becoﬁes delayed. Hence, this could result
In the decrease in waTch tension’ in
normal muscle, and the Increase in twitch
tension and duration in denervated muscle
at 35°C.

A. further observation reported on the effect of temperature at 35°C
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was the Increase in the twitch tetanus ratio of denervated muscle to
almost double that or normal (Padsha & Winchester, 1968; Padsha,
1968), again possibly being explained by assuming that more calcium °

would be made available by a longer duration of the action potential

" as well as by a delay In Its rebinding.

In the stimulation experiments, a direct attempt was made to
relate the calclum Influx with The mechanical properties of the muscle.
Excluding the possibilities of error in these experiments as previously
discussed, it could be stated that denervated muscle produced a
smal ler tetanic tension for all the temperatures used, and that
although the related calcium influx slightly increased, this was

insignificant compared fo resting values. However, for normal

"muscle at 35°C, the Increase In calcium influx was significant. Thus,

+he sum of this plus other observé+lons of normal as compared to
denervated muscle, .1.e. the slower resting calcium fluxes, ‘the smaller
intracellular content of calcium, and +he shorter duration of the
action potential, lead to the possible conclusion that at 35°C, for
+he maintenance of normal mechanical activity, additional calcium
may Se needed from the external environment. However, in normal
muscle at 25°C, where a prolongation in the duration of the action
potential has been demonstrated, an additional extrinsic source of
calcium need not be required for maintalning normal mechanlcaIA
activity, as enough would be released from the sarcoplasmic're+1-
culum during a prolonged action potential. Similarly, this could
apply to denervated muscle at 25°C and 35°C, where the duration of

the action potential has been shown t+o be prolonged.
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In the caffeine experiments, a similar association between

+ension and the related calcium movements was observed. At 15°Q

1t was shown that after the addition of 20 mM caffeine, the tension

produced was greater in normal than in denervated muscle, as wés the
difference between the resting and contracture calcium fluxes, i.e.
a greater net release of calcium. The same effect was duplicated
upon ralsing the temperature to 35°C. Hence, these results support
the premise that in normal muscle, as compared to denervateéd, for
more tension to be produced, more free lonic calcium must be avail-
able, in this case being supplied from the sarcoplasmic reticulum

by the action of caffelne.

A large amount of calcium was shown to be present in dener-

'vated muscle, this being readily released by caffeine, suggesting Its

presence In the sarcoplasmic reticulum. This posed the question as
to the possible link between an increased calcium content and the
humbers of myofilaments, which vary with the number of denervafion
days (Miledl & Slater, 1969), in producing tension. I+ would be
expected with an increased number of myofilaments and a large amount
of calclium available that the generated tension would be greater
+han normal. On the contrary, Miledi and Slater (1969) demonstrated
in 7 to 8 days denervated muscle, the extreme of hypertrophy, that
‘the resultant fensioﬁ was less compéred +o normal muscle. Moreover,
the studies of Feng and Lu (1965), quoted by Miledi and Slater (1969,
page 260), Indicated that In rat diaphragm hypertrophy involved only"
+he smaller fibers, which histologically appear to be specialized

for oxldative metabolism, the larger, appearently anaerobic fibers
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belng decreased in size. Therefore, the selective hypertrophy of
slower flbers, causing them to predominate over faster ones, could
possibly contribute to decreased tension development and prolonged
contraction. Besides +hls, there could be two other factors accounting
for decreased tension development: : |
(1) an alteration in the contractile apparatus,
f.e. a decrease In the fractlon of muscle
space occupied by myofibrils, or a frag-
mentation and degeneration of myofibrils,
more distinctive In atrophy (Miledi &
Slater, 1969);
(2) an alteration In the calclum activated ATPase
activity, I.e. as shown by Hajik, Hanlkova
and Gutmann (1967) in rat diaphragm, that
the ATPase activity becomes decreased 3 days
after denervation. Furthermore, in denervated
muscle, the above workers haVe also suggested
the newly synthesized contracttle proteins to
be functionally inferior, thus accounting for a
decreased fension and prolonged contraction
'speed in the presence of large amounts of calcium.
From the glycerol treatment experiments, some light could
be reflécfed upon the pathways of calcium movement, assuming:
(1) that the majority of the T-tubules were disrupted
in both muscle preparations, for which_fhere.was

no direct evidence;



(2)  that damage to the muscle flbers by glycerol
was equivalent In both preparations.

Thus, ThQ'greaTer calclium uptake by normal muscle wlthin the first 5
minutes following glycerol treatment, suggested, if the T-tubules were
disrupted, that most of the calclium had entered through the surface
membrane. Conversely, this Inferred that in resting conditions in
which calclum fluxes were greater for denervated muscle, that more
calcium possibly entered through the T-tubules of denervated than
normal muscle. In addition, recent studies by Winegrad (1968, 1970)
have suggested most of the calcium efflux to occur through the T-
+ubules;. Hence, providing the T;+ubules were disrupted, most of the
efflux of calcium would be blocked, explaln[ng, 1f applicable for
rat diaphragm, the higher calcium uptake In normal and denervated

muscle after glycerol treatment.
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