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81.5% of arrested interphase cells are in G?. The conclusion
that Sevin induces mitotic depression by arresting cells in
G? without affecting DNA synthesis is, therefore, inesca-
pable. The arrest of cells in G? further suggests that this
pesticide interferes with the cell cycle at that stage.
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Summary. Pulse-propagation measurements on a muscle stimulated into tetanus show that the stiffness develops earlier
and starts to relax later than the tension. It is concluded that the myosin heads which move towards the actin filaments

during excitation become mechanically attached to them.

X-ray diffraction experiments have shown that when a
muscle is stimulated the crossbridges swing out from the
myosin filaments towards the actin filaments, returning to
their original state when stimulation ceases’. However, an
unexpected feature was revealed by more recent ex-
periments>* with time-resolution of the order of 10 msec,
namely that the crossbridges move out more rapidly than
the rate at which tension is developed and reach their final
distribution well before the tension reaches its maximum
value. Yagi et al’ have also shown that at the end of a
tetanic stimulation there is a marked discrepancy between
the fall of tension and the return of the myosin heads. Such
discrepancies cannot be explored on the basis of the X-ray
data alone as these measure only the proportion of cross-
bridges which are near to the actin filaments without
necessarily being attached to them®. Yagi et al. therefore
proposed that mechanical experiments such as stiffness
measurements might resolve the issue. We now report
pulse-propagation measurements which show that the stiff-
ness of a stimulated muscle also reaches a maximum well
before the tension is fully developed, and thus support the
view that the crossbridges which move transversely out-
wards actually become attached to the actin filaments.
Methods. We used a pulse-propagation technique to obtain
a direct measurement of the propagation velocity of a
mechanical pulse over the central 30 mm (approximately),
of a muscle specimen. Experimental details of this techni-
que have been given elsewhere’. The stiffness of the
specimen is calculated from the measurements as the
product of the density and the square of the propagation
velocity. There is considerable dispersion of the square-
wave input pulses as they travel along the muscle but the
measurements are made solely on the leading edge of the
pulse, which propagates with a velocity of the order of
100 msec. The uncertainty in the arrival time of the
transmitted pulse is of the order of 10 psec. This is much
smaller than measured relaxation times (reciprocal rate
constants) for the initial recovery of stretched muscle
fibers® so that the stiffness measured is a purely elastic or
‘instantaneous’ stiffness.

In the present work fiber bundles approximately 40 mm
long from the sartorius muscle of the toad, Bufo marinus,
were pinned horizontally between a tendon and the pelvic
bone, in Ringer’s solution maintained at 5+ 1 °C. The pulse
transmitting and receiving crystals were brought into con-
tact with the specimen over the central 30 mm of its length,
so that the compliance of the tendon and mountings plays
no direct part in the result. However, these ‘external’
compliances do permit the muscle to contract by several
percent during stimulation, an important difference from
the truly isometric experiments carried out with the spot-
follower of Huxley and his co-workers®.

Results. In the figure, a, the solid-line curve shows the rise
in tension as a specimen is stimulated into tetanus; the
dashed curve shows the corresponding increase in stiffness
above its level in the resting state. The curves are norma-
lized to their values in the steady state of tetanus. When the
muscle is soft the accuracy of the velocity measurements is
too low to decide whether or not the stiffness and tension
start to rise simultaneously. However, it is clear that the
stiffness starts to increase proportionately more rapidly
than the tension.

Furthermore (in contrast to an earlier, less accurate ex-
perimental result’) it reaches its final tetanic value well
ahead of the development of maximum tension. This result
parallels the X-ray diffraction observations and raises the
problem of why the tension is still incompletely developed
and takes approximately a further 200 ms to reach its
tetanic level.

In relaxation, as the figure, b, shows, the stiffness decline is
close to a mirror image of its development. The stiffness
remains approximately constant for 150 ms until the ten-
sion has fallen by 10%. Optical measurements indicate
considerable heterogeneity inside the muscle at this time,
some sarcomeres expanding while others are contracting.
At about 150 msec the stiffness starts to decrease rapidly
indicating that a net detachment of crossbridges has begun.
After about 250 msec, corresponding to the inflexion in the
tension curve, the situation is dominated by the simul-
taneous expansion and contraction in different regions of
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the muscle as indicated macroscopically by Huxley and
Simmons’ results with the spot-follower'® and microscopi-
cally by optical-diffraction measurements'":!2, The ‘discre-
pancy’ reported by Yagi et al.’® refers entirely to this period
and may thus reflect internal readjustments in the muscle
structure after this gross disruption.

Discussion. On the conventional sliding-filament model of
muscle action, the attachment of a crossbridge to a thin
filament produces simultaneous increases in stiffness and in
tension. The full development of stiffness well before
tension, as shown in the figure, a, is thus an apparent
anomaly.

This simple picture, however, presumes isometric condi-
tions which are only obtainable experimentally by using a
feedback system such as the spot-follower. In the present
experiments the muscle sarcomeres start to contract rapidly
after the first stimulus (at about 0.2% per msec) and slow
down to the isometric condition as the tetanus develops'?.
Detailed consideration of crossbridge dynamics shows that
the ratio of stiffness to force will decrease throughout the
development period as the relative velocity of the sliding
filaments decreases to zero.

A useful crossbridge model for such considerations is that
of Harrington'®, in which the force is generated by a helix-
coil transition in a specific section of the a-helical S-2 link.
When this transition takes place the coil exerts a tension
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Stiffness (——) and tension (——) of stimulated toad sartorius
fibers at 5°C. a) during development of tetanus; b) during relax-
ation after tetanus. The error bars on the stiffness points (¢ )
indicate +2 SEM calculated from 9 experiments.
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tending to bring its ends together. Mason!* has shown that
for any intermediate distance, x, between the ends of the
coil, the force is directly proportional to x, but the stiffness
is a constant, independent of x. The ratio of stiffness to
tension for a single Harrington crossbridge thus turns out to
be simply proportional to x L. In the dynamic equilibrium
which exists during a fully-developed tetanus the cycling
crossbridges provide a constant average value of x, so that
the stiffness: tension ratio is also constant.

In the developing phase of tetanus, however, the sar-
comeres are shortening and each attached crossbridge is
performing a finite stroke in displacing the actin filament
relative to the myosin. At the onset of stimulation the
contraction proceeds at constant velocity so that the time-
average of x will be one half of its value at the instant of
melting, i.e. one half of the length it occupied when in the
a-helical configuration. Recent measurements on isolated
S-2 fragments of myosin in solution have shown that
between 15% and 25% of the molecule exists in the coiled
form under physiological conditions”. The distance, x,
between the ends of the coil at the instant of melting is thus
approximately 20% of 65 nm, the length of S-2 in the fully
a-helical form, i.e. 13 nm.

As the tension rises to the equilibrium tetanic level the rate
of contraction decreases to zero', The length of the cross-
bridge stroke also decreases towards zero and the average
value of x therefore increases from about 6.5 nm to the full
13 nm as in the resting crossbridge. Over the period of
tension development the value of x doubles so that the
stiffness: tension ratio should fall to one half of its initial
value; the results shown in the figure, a, are consistent with
this.

The differing rates of development of stiffness and tension
may thus be seen as a consequence of the relative sliding of
the actin and myosin filaments until the muscle becomes
truly isometric. With this model the stiffness gives a direct
measure of the number of crossbridges which are attached;
the tension is also proportional to this number, but its value
is reduced while contraction is occurring.

The relatively early development of stiffness compared
with tension parallels the relatively early outward move-
ment of the crossbridges>*. These experiments thus support
the view that the crossbridge heads which X-ray diffraction
shows as moving out towards the actin filaments are
actually attached to the filaments.
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