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WHEN a muscle contracts, it undergoes several changes such as lnechanical,
thermal, chemical, volume changes, changes in hydrogen-ion concentration,
electric, osmotic, changes in X-ray diffraction, etc. Various attempts have
been made to correlate these phenomena in order to elucidate the intimate
nature of muscular contraction.
Two fundamentally opposed theories are advanced to explain the contraction of muscle. In the first, contraction is considered to be due to release of mechanical energy previously stored in the structure, relaxation
being therefore, considered to be an active phenomenon. In the second,
the chemical energy is supposed to be released by the stimulation to enable
the muscle to do work, relaxation being considered as a passive phenomenon.
The proponents of these views have been quite emphatic in their assertions. Hill (1950) writes about active relaxation, that " such theories have
really out-lived their usefulness," and Ramsey (1955) entirely disagrees with
this view. Hill criticizes the active relaxation hypothesis on the basis of his
demonstration that heat production precedes mechanical activity when a
muscle is stimulated and the heat of relaxation is nil. According to Ramsey,
this does not provide evidence against the hypothesis, because all of the
reactions cannot be specified. He states that the fact that heat precedes
mechanical activity suggests that it is unrelated to contraction, since any
free energy liberated by the process of mechanical activity would have to
be used simultaneously with the energy fraction degraded as heat, so that
the fact that heat precedes mechanical activity, does not contradict the
hypothesis of active relaxation. That the heat of relaxation is nil may mean
that the cycle during relaxation is isothermal.
Since the facts and arguments in support of these views are well known,
we shall therefore limit the present discussion to presentation of our own
experiments and views. We have come to the conclusion that in unstriated
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muscle, there are both active and passive relaxations (Singh and Singh,
1950 a).
The above view is based on the following observations. A criterion
of active relaxation accepted by both sides, is that relaxation of unloaded
muscle must be shown to occur. This has been found to occur in certain
muscles. Thus unloaded guinea pig's uterus and frog's stomach muscle
relax when treated with adrenaline. Dog's stomach muscle relaxes after
stimulation with alternating current, potassium or acetylcholine. A convincing example of relaxation of unloaded muscle is that shown by the
retractor of the introvert of the marine worm Phascolosoma. This muscle
differs from other muscles mentioned above, that the unloaded muscle
relaxes comparatively with great speed and to a greater extent. But sometimes, these muscles do not relax when unloaded, but readily do so when
loaded. Rabbit's gut muscle is very sensitive to adrenaline and relaxes
when loaded but not when unloaded. Mytilus muscle also does not relax
when unloaded.
Though relaxation of unloaded muscle has been shown to occur, the
question arises, as to why it occurs in some muscles and why only sometimes i n other muscles. This therefore leads to the conclusion, that there
are both active and passive relaxations. This conclusion is supported by
the differential action of substances, which affect the two kinds of relaxation differently. The differential action of substances is studied to elucidate
the nature of relaxation of unloaded muscle. It may be due to pulling on
the muscle by internal elastic structures; the muscle would then be loaded
and relaxation passive, though apparently the muscle is unloaded. To know
whether the relaxation of unloaded muscle is active or passive, we have to
compare the behaviour of loaded and unloaded muscle towards certain
agencies.
These agencies interfere with metabolism in some way or other, and
have a differential effect on the two kinds of relaxation. If the muscle
(guinea pig's uterus, hen's duodenum, frog's stomach muscle) is asphyxiated
or treated with sodium cyanide (I in 10,000), then loaded muscle may relax
profoundly, but unloaded muscle does not relax; on the contrary it may
contract. Similar effects may be produced with sodium azide or iodoacetic
acid. These experiments would therefore dispose off the objection that
relaxation of unloaded muscle might be caused by stress in the internal
elastic structures, as otherwise the unloaded muscle would also be relaxed
by these agents.
This view is supported by further experiments in which the relaxation
of unloaded frog's stomach muscle is produced by adrenaline. These
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experiments are conducted in four steps: (1) Relaxation of unloaded muscle
is produced by adrenaline; the muscle is then returned to adrenaline-free
saline. (2) The muscle is treated with cyanide and adrenaline is found to
have lost its effect; the muscle is then returned to adrenaline-free saline,
which contains cyanide. (3) The muscle is now treated with saline containing both cyanide and glucose; adrenaline again causes relaxation.
(4) The muscle is returned to adrenaline-free saline containing cyanide,
glucose and iodoacetic acid; adrenaline no more produces any relaxation.
These experiments leave no doubt as to the active nature of the relaxation
process in some unstriated muscles (Singh and Singh, 1952). Also, there is
no doubt that passive relaxation occurs, if active relaxation is inhibited. In
unstriated muscle, therefore, there are two systems; in one the relaxation
is active and in the other passive.
In striated muscle, there have been some controversial observations.
The difference in the technique of the two sets of observers is that in one
case (Ramsey and Street, 1941), the muscle was unloaded, and in the other
case (Hi11,.1949), the muscle was loaded. It is possible, that when the muscle
is loaded, then active relaxation is absent. ,Some experiments suggest such
an inference (Singh and Singh, "1950b, 1955). Thus some substance cause
relaxation of unloaded muscle, but not when it is loaded. Thus there is
antagonism between active and passive relaxation.
If unstriated muscle is stretched, then some change is produced that
increases the tendency to contraction and diminishes that to relaxation,
hence the antagonism between active and passive relaxation. This reaction
to stretch diminishes the inhibitory action of substances and converts it into
an excitatory one. Stretching or increase in initial length is thus one of the
factors in drug reversal.
It would appear that both the excitatory and the contractile systems
are affected by stretch. The involvement of the excitatory system is shown
by the fact that stretching may increase the tone which is susceptible to
asphyxia. This tone therefore has an optimum length for its maintainance.
The involvement of the contractile system is shown by the fact that the
effects of stretching occur in dying or heat-killed muscle. The .response of
the heat-killed muscle is augmented by increase in initial length. It would
appear that both systems in unstriated muscle become more active if the
initial length of the muscle is increased.
The increased response of the excitatory system to stretch would entail
increased expenditure of energy with increased load. The involvement of
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the contractile system would curtail this increased expenditure of energy
with Ioad, and would thus enable the muscle to respond with greater economy.
It is often said, that contraction of muscle may be complicated by simultaneous relaxation, and attempts have been made to study the contraction
of muscle unaccompanied by relaxation. That such a possibility occurs is
shown by the behaviour of heat-killed muscle. If this muscle is heated,
then a certain tension is produced, but if active relaxation is inactivated by
heating to 70 ° C., then the tension produced is greater than previously, if
the muscle is heated to the same temperature as before. The tension produced in the former case was therefore less, because the muscle was contracting and relaxing at the same time.
This is also shown by the paradoxical reaction, in which oxygen or
glucose inhibit the mechanical response, which means that increased expenditure of energy results in diminution of the response. This shows that
during contraction, an active process was taking place which diminished
the mechanical response, and this could only be active relaxation. The
augmentation of the mechanical response by asphyxia, iodoacetic acid or
cyanide would therefore be due to inhibition of this active process. The
mechanical response is at first augmented by asphyxia and then declines.
This suggests that active relaxation is more susceptible to asphyxia than active
contraction. This is actually found to be true experimentally.
The simultaneous contraction and relaxation of muscle implies that the
mechano-chemical coupling for relaxation would occur at the same time as
that for contraction; it is like purchasing a return ticket. Contraction a n d
relaxation would be energised as suggested by us in unstriated muscle, but
no thermal changes would be detectable during relaxation. The absence
of heat production during relaxation, therefore, does n o t imply the absence
of active relaxation. Even if contraction is not energised some chemical
changes, and therefore heat production, might occur prior to any mechanical
change to start off the machine, even if the relaxation was active. Further
relaxation may be energised during contraction, but may remain latent till the
contraction is over or nearly over. Under these conditions, no heat production would be detected during relaxation.
In striated muscle, Ramsey and Street have found relaxation of unloaded
single muscle fibres. We stimulated unloaded frog's rectus abdominis with
potassium and acetylcholine, but did not observe any active relaxation, in
marked contrast to dog's stomach muscle which relaxes actively, when so
stimulated. This may be due to some sort of inhibition of active relaxation
in the whole muscle. In this connexion, we may mention some of our other
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results. We have not found relaxation of unloaded Mytihts muscle; no
heat production has been found in this muscle during relaxation (Abbott
and Lowy, 1955). Increased lactic acid production may occur during
relaxation of unstriated muscle (Bharadwaj and Singh, 1951; MohmeLundholm, 1953).
Next, let us take some aspects of contraction of muscle. According to
modern views, denaturation consists of an alteration of the specific internal
structure of the protein wherein the closely folded peptide chains unfold.
Similarly, the contraction of muscle is supposed to be due to folding of the
contractile protein; so relaxation would be due to unfolding of the muscle
proteins. Thus according to these views, the process of relaxation would
be similar to denaturation of proteins. Experimentally it has been found
that many agengies which denature proteins, also cause active relaxation of
the contractile mechanism. These experiments throw fight both on the
process of denaturation and the mechanism of muscular contraction.
During denaturation it is assumed, that there is a rearrangement of
the peptide chains in the protein molecule due to rupture by denaturi~ag
agents of the weak bonds. During relaxation of a tonic contraction, there
must be rupture of such bonds, so that tonic contraction in unstriated muscle
is maintained by cross linkages between the folded polypeptide chains. This
is supported by the fact that coagulated muscle contracts and exerts considerable tension. Coagulation is supposed to be due to the formation of
intermolecular salt bridges between ionic groups which are displaced to the
surface of the particle through the unfolding of the polypeptide chains.
By the action of reagents which cause active or passive relaxation of
heat-killed muscle, it is concluded that tonus in unstriated muscle is maintained by disulphide linkages, hydrogen bonds and salt linkages. Dissolution of the former two, results in active relaxation, and dissolution of the
last, in passive relaxation. By the action of these reagents, the nature of
the contractile mechanism is ascertained. The contractile mechanism of
Mytilus muscle is thus found to be different from frog or mammalian unstriated muscle. The rupture of these tonic linkages during phasic contraction, presumably cause latency relaxation.
The unfolding of the polypeptide chains during relaxation is suggested
by another experiment. The effects of stretching and relaxation are similar
(Singh and Singh, 1955). As stretching is known to unfold fibrous proteins,
this suggests that same happens during relaxation.
In striated muscle also there appear to be two systems, in one the
relaxation being active, and in the other passive. This is suggested by the
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fact that active relaxation occurs in unloaded single muscle fibres, but not
in the whole muscle. In the latter, therefore, active relaxation appears to
be inhibited and passive relaxation occurs, when active relaxation does not
occur.

The existence o f two systems in some unstriated muscles can be shown
directly. Thus if unloaded heat-killed muscle is heated to 60-70 ° C., then
it relaxes. Hence the supply of energy to the contractile mechanism causes
active relaxation. If once the muscle is heated to 70 ° C., then active relaxation is inactivated. It now gives a contraction which is proportional to
rise in temperature, and the relaxation is passive. Thus supply of energy
to the contractile mechanism causes a proportionate contraction. In some
unstriated muscles therefore, both contraction and relaxation are energised.
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