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The Decremental Propagation of the Action Po-
tential and Loss of Mechanical Response in Frog
Sartorius Muscle in the Absence of Calcium

In a previous work?, the effects of calcium lack was
studied on frog Sartorius muscle in respect to resting and
action potentials and the mechanical response of whole
muscle and single surface fibres. It was found that resting
potentials fell, in the absence of calcium, to levels at
which the cell was inexcitable. It was also found that,
even before cells became inexcitable action, potentials
were diminished and a fall of the mechanical output
occurred. The loss of the mechanical response of whole
muscle in calcium lack is therefore a complex phenom-
enon, where inexcitability of individual fibres and
reduction of the intensity of response of excitable fibres
play a part. The present investigation is aimed at further
elucidating the mechanism by which the mechanical
output of individual fibres is diminished in calcium lack,

Methods. Sartorius muscles of German R. temporaria
were used at 0-1°C. Mechanical and electrical recordings
were made by the same methods as used previouslyl.
The composition of the solutions was also the same as in
the previous work.

Resulls. 1f the duration of the active state in calcium
lack becomes less than the time required for the action
potential to propagate along the fibre, a loss of the
mechanical output should result. Conduction velocity
measurements were made by taking the first detectable
signal from an external probe electrode, which was moved
along the surface of the muscle. In two muscles no
change of conduction velocity was found from a value
of 0.9 mfsec even after 2 h without calcium nor after 1 h
after replacing calcium. The twitch/tetanus ratio did not
fall more than 209, in the absence of calcium. These facts
almost certainly preclude the possibility of a reduction
ir the intensity of the active state near the stimulating
electrodes before the distal end of the fibres has been
activated. The action potential takes 30 msec to pass
along the fibre and the normal duration of the active
state is about 100 msec at 0°C2.

It is possible, on the other hand, to demonstrate that
the contractile system becomes progressively less acti-
vated as the distance from the stimulating electrodes
increases. Muscles were mounted on a multielectrode
assembly with alternate cathodes and anodes spaced
3.6 mm apart (cathode nearest the pelvic end}). The
muscle was stimulated with 2 -msec shocks alternately
with the whole array or with a single pair of electrodes at
either the pelvic or the tibial end. Great care was taken
to choose just maximal stimulation voltages initially,
both when using the whole array and the single electrode
pair. The ratio between the voltages used for the whole
array and the single welectrode pairs was maintained
constant during the experiments while adjusting the
voltage on the whole array to keep the response just
maximal for the prevailing conditions. It was found that
the ratio of the twitch with the pelvic electrode pair to
the twitch with the whole array fell steadily after remov-
ing calcium and in the later stages, the same also occurred
for the stimulation with the tibial electrode pair. These
experiments indicate that in calcium deficiency there is

A Calcium Dependent Link Beyond the Electrical
Excitation of the Membrane in Muscular Con~
traction

It has been reported by FrRank!: 2, in experiments with
frog’s toe muscle, that the potassium-induced contracture
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a progressive diminution of the activation of the con-
tractile system along the fibre length from the point of
stimulation.

The earlier communication? reported the modification
of the action potential in calcium lack, with loss of over-
shoot and slower rise time, and recently KokeTsu and
Nopa? have also reported similar findings. The above
finding that fibres fail to be fully activated at points
remote from the stimulating electrode made it of interest
to see whether the action potential also became modified
as it travels along the fibre. Action potentials were
therefore recorded alternately at both 3 mm and 25 mm
from the point of stimulation using an intracellular
microelectrode and choosing surface fibres at random at
each position. The muscle was stretched until there was
very little mechanical activity and stimulated at the
pelvic end by 1-msec shocks applied fo a pair of wire
electrodes. No difference was found in the action poten-
tials recorded at the two positions in the presence of
calcium. Considering 35 records of fibres with resting
potentials exceeding 57 mV taken between 1/, and 1}/, h
after the removal of calcium, it was found that smaller
action potentials existed in the distal region than in the
proximal region (means 47 mV and 66 mV respectively)
and that they more frequently failed at the greater
distance from the point of stimulation. Furthermore, the
lowest action potentials were associated with the lowest
resting potentials in accordance with EpMaN and GrRIEVE!
and Kokersu and Nopas,

It thus seems probable that the decrease in the me-
chanical output from a single fibre, before it has become
completely inexcitable in calcium lack, is due to insuffi-
cient activation of the contractile system by the affected
action potential. The action potential, decreased in size
even near to the stimulating electrode, becomes still
weaker during its propagation along the fibre and so
probably cannot activate the contractile system properly;
in the extreme case the distal end of the fibre may not be
activated at all. A contributory factor to the loss of
mechanical output may be that there has been a failure
of some more intimate link with the contractile system.
Evidence for a calcium dependent link beyond the
excitation of the cell membrane in skeletal muscle is
given in a subsequent communication.

Zusammenfassung. Die Herabsetzung der Kontrak-
tionsleistung einer Sartoriusmuskelfaser des Frosches,
bevor sie wegen Calciummangel elektrisch unerregbar
wird, kann weitgehend mit einer ungeniigenden Ak-
tivierung des kontraktilen Systems durch das Abklingen
des Aktionspotentials erklirt werden.

K. A, P. Epman and D. W, GRIEVE*

Department of Pharmacology,
(Sweden), August 14, 1962.

University of Uppsala

1 K. A.P. Epmax and D. W. GrRieve, Exper, 17, 557 (1961).

2 J.M. Rrrcuik and D. R. WiLkig, J. Physiol. 130, 488 (1955).

3 K. Koketsu and K. Nopa, J. cell. comp. Physiol. 59,325 (1962).

4 On leave of absence from Human Biomechanics Laboratory,
Medical Research Council, Hampstead, London {England).
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true that the same degree of excitation were being
applied through the experiment, there would be strong
indication that a link in the process of activation of the
contractile system beyond the excitation of the mem-
brane had failed. Our previous findings®¢ on Sartorius
muscle at 0°C have shown, however, that the decline of
mechanical output in calcium lack is always paralleled
by a fall of the resting potential, in addition to decre-
mental propagation and failure of the action potential.
It was therefore of interest to investigate the behaviour
of toe muscle at room temperature, comparing potassium
and electrically induced responses in parallel on the same
preparation, and to make intracellular measurements of
the resting potentials. It was also investigated whether
skeletal muscle, after it has become electrically inexcitable
n calcium lack, can be caused to contract by stimulation
via a route that is not dependent on electrical membrane
changes.

Methods. Sartorius and ext. dig. long. IV muscles of
summer German R. femporaria were used. In some experi-
ments with frog Sartorius, the muscles had been com-
pletely denervated 6 weeks previously. Rat diaphragm
muscle, 3 weeks after denervation, was also used. Mech-
anical and electrical events were recorded by the same
techniques as used previously®. Frog and mammalian
Ringer’s solutions of the same compositions as earlier®$
were used. Potassium contractures of the toe muscles
were produced by adding 25 mi KCI to Ringer’s solu-
tion. Full depolarization of all preparations was produced
by using isotonic KCl solution.

Results. The responses of toe muscles at 22°C to both
electrical and potassium stimulation declined to zero in
20-30 min after the removal of calcium and both declines
followed similar time courses. In accordance with the
previous findings on frog Sartorius®4, the decrease of the
mechanical output of the toe muscle was accompanied
by a fall of the resting potential as measured in surface
fibres. Resting potentials of surface fibres were about
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45 mV (range 20-60 mV} when mechanical responses had
disappeared. It is therefore probable that a similar
sequence of events accompanies the failure of the elec-
trical stimulation in the toe muscle as it does in Sartorius
muscle.

Let us tentatively consider the excitation—contraction
process as consisting of a series of discrete steps: I. ‘mem-
brane excitation’ - I1. release of calcium - I1I. action of
the calcium on the contractile system. It has been shown
in our previous works®4, and confirmed in the above
experiments on frog toe muscle, that the first step is
calcium dependent and that the loss of response to elec-
trical stimulation in calcium lack may to a great extent
be accounted for by a failure of the membrane excitation.
In view of the parallel loss of the potassium induced
contracture and the falling resting potential, it is possible
that a failure of the step involving excitation of the mem-
brane is also responsible for the loss of mechanical re-
sponse to stimulation with potassium, ‘

The following experiments show that a calcium de-
pendent link exists beyond the process of electrical
excitation of the membrane, and that this link is still
intact at a stage when the mechanical response to elec-
trical stimulation has failed in calcium lack. This has
been done with a denervated rat diaphragm preparation.
In the presence of calcium in Ringer’'s solution, the
preparation was caused to contract by electrical stimula-
tion and by acetylcholine (ACh). In the absence of cal-
cium, the responses to both methods of stimulation
declined together with a decrease of the resting potential
of surface fibres; but a stage was reached at which the
nmuscle was electrically inexcitable and could still be
excited by ACh, as is shown in the Figure. Eventually,
ACh produced no response. If the muscle was then de-
polarized completely by isotonic KCI, and calcium re-
introduced, the mechanical response to ACh returned.
The calcium dependence of the ACh contractures of the
depolarized rat diaphragm has been found earlier®, in
common with mammalian smooth muscle preparations®.
Similar experiments with denervated frog Sartorius have
been less conclusive because no ACh response was found
in the depolarized state, even in the presence of calcium.

It is tempting to assume that the calcium dependent
link that has been demonstrated in the denervated rat
diaphragm in the present experiments and that outlasts
theelectrical membrane excitation in theabsenceof calcium
is the second stage of the excitation—contraction sequence
given above.

Zusammenfassung. Der denervierte Rattendiaphragma-
muskel kann in Ringerlosung durch Acetylcholin noch
einige Zeit, nachdem er durch Calciummangel elektrisch
unerregbar wurde, kontrahieren, Auch nach volliger De-
polarisierung des Muskels in isotonischem KCl kehrt die
Kontraktionsfahigkeit mit Acetylcholin nach Wiederzu-
fuhr von Calcium zuriick,
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