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Hysteresis in the Force-Calcium Relation in Muscle

Abstract. Calcium ions activate muscle contraction. The mechanism depends on
the calcium sensitivity of the proteins that regulate contraction. Evidence is
presented for the reverse phenomenon, where contraction modulates calcium
sensitivity. Increasing the force level increased calcium sensitivity in intact fibers,
showing that the relation between force and calcium is not unique. A particular
calcium concentration can maintain a higher force level than it can create. The
results were confirmed in skinned fiber experiments. Transient reduction of the force
led to a transient reduction in calcium binding, suggesting a simple mechanism for

the hysteresis.

It is now well established that muscle
contraction is activated through the
binding of calcium to calcium-sensitive
myofibrillar (1) or sarcoplasmic proteins
(2). The details vary among muscle
types, but in all cases calcium binding
allows actin and myosin to interact and
leads eventually to the production of
force and shortening through cross-
bridge interaction. In this report we ex-
amine the question of whether contrac-
tion influences calcium sensitivity and
calcium binding.

We used aequorin-injected voltage-
clamped barnacle single muscle fibers (3)
to investigate the ‘‘quasi-steady state’’
relations between calcium concentration
and force level. In an experiment with a
long stimulation pulse (note the slow
horizontal sweep rate in Fig. 1A) a con-
stant depolarization leads to a calcium
transient that goes through an initial
peak and then settles down to a fairly
steady level maintained for several sec-
onds. Force behaves similarly. Near the
end of the stimulation (marked by ar-
rows) we can measure a quasi-steady-
state relation between calcium concen-
tration and force. If the depolarizing
pulse is initially stepped briefly to a
higher level and then returned to the
same level as before, we obtain the result
shown in Fig. 1B. Here, despite the
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initial overshoot, both the membrane de-
polarization and the calcium transient
eventually (see arrow) arrive at levels
indistinguishable from those achieved in
Fig. 1A, but the force trace does not. It
remains at more than twice its previous
value. Thus the relation between calcium
concentration and force is not unique,
but depends on the immediate history of
the muscle. This is clear in Fig. 1C,
which shows the force-calcium relation
after a 10-second depolarization with
three different force wave forms pro-
duced by a manual control of the stimu-
lation pulse: 1, initial overshoot return-
ing to a steady level (as in Fig. 1B); 2,
rapid rise (2 seconds) to a steady level,
or 3, slow rise (4 seconds) to a steady
level. In each case, the ‘‘steady’’ calci-
um level produces more force when the
fiber previously experienced a higher
force (or calcium) level; that is, the
steady force for time course 1 > 2 > 3.
An obvious interpretation is that in-
creased force and increased cross-bridge
interaction occurring early in the con-
traction heightened the calcium sensitiv-
ity. In other words, in this new condition
a much higher force can be maintained
with a lower calcium concentration (4).
Our interpretation of the experiment
illustrated in Fig. 1, A to C, can be
criticized in several ways. For example,

there might be a long-term change in the
intracellular magnesium concentration
during the pulse which in turn could
change the calcium sensitivity of the
myofilaments or the sensitivity of the
aequorin. Or there could be adenosine
triphosphate (ATP) depletion, or a
change in pH. To explore these possibili-
ties, we turned to the ‘‘skinned’ fiber
preparation (5), where there is complete
control over the solutions bathing the
myofilaments.

To prepare a barnacle muscle skinned
fiber (6), we first soak an intact fiber for
1 hour in a relaxing solution (7) with a
detergent (1 percent Triton X-100) added
to disrupt the sarcolemma and the sarco-
plasmic reticulum. The fibers are next
split longitudinally down to bundles of
myofibrils of about 50 to 100 pm in
diameter (1 to 1.5 mm long) to reduce the
diffusion path lengths. The bundle is then
attached to a force transducer (7) and
immersed (stepped) into solutions (&)
that can induce contraction or relaxation
depending on the calcium concentration.
These solutions (5, 9) are well buffered
against changes in pH, in calcium con-
centration, and in Mg-ATP concentra-
tion, which obviates the criticisms men-
tioned above. Figure 2A illustrates the
results of transferring the fiber consecu-
tively from a relaxing solution, to a sub-
maximal calcium activating solution, to a
maximal one, and then back to the same
submaximal calcium activating solution
before returning to a relaxing solution. It
can be seen that the same (submaximal)
calcium concentration produces more
force when the calcium concentration is
stepped down (decreasing Ca) from a
maximum activation than when it is
stepped up (increasing Ca) from the re-
laxing solution. This difference in force
appears to represent a true hysteresis,
since leaving the fiber in the submaximal
calcium activating solutions for a longer
period during either stepping up or step-
ping down in calcium does not result in
the two forces tending to approach one
another. If the solution used between the
two identical submaximal calcium acti-
vating solutions is not maximal, the hys-
teresis becomes less as the intervening
calcium activation is lower. Also, once
the fiber relaxes completely in the relax-
ing solution, the contraction series
shown in Fig. 2A can be repeated with
the same results, showing that a few
minutes of relaxation wipes out the
““memory’’ of the maximal contraction.
Data similar to those in Fig. 2A can be
obtained for a variety of submaximal
calcium concentrations, so that we can
plot the relation between calcium con-
centration and force for the two condi-
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tions, stepping up and stepping down in
free calcium. The hysteresis between the
two resulting curves is shown in Fig. 2B.
A shift in the relation between force and
calcium level is seen, with the muscle
being about 0.13 pCa unit more sensitive
to calcium when stepping down in calci-
um (relaxing) (10). Hence, the skinned
fiber experiments (Fig. 2) confirm and
extend the results shown in Fig. 1, A to
C. They also demonstrate that the force-
pCa relation is not unique for a given
chemical internal environment (as has
usually been tacitly assumed). Instead,
the muscle contracts along one pCa
curve and relaxes along another.

One simple hypothesis to account for
the changed calcium sensitivity is that a
change in force leads to a change in
calcium binding. We believe that the
mechanism for changing calcium binding
may involve a cross-bridge—induced
charnge in the calcium affinity of calcium
binding sites on the myofilaments. Al-
though we could not test the binding
hypothesis directly, we made an indirect
test with the aequorin-injected voltage-

| W I,

clamped single muscle fibers from the
barnacle; the results of this test are
shown in Fig. 1D. One of the easiest
methods for transiently perturbing the
force is to stimulate a muscle to contract,
wait until force has developed, then sud-
denly allow the muscle to shorten (by
releasing it) for a distance sufficient to
break many of the cross-bridges. If acti-
vation remains after the shortening step,
some force may redevelop as new cross-
bridges form (see Fig. 1D). A striking
result of the length change is a transient
burst of ‘‘extra’’ calcium in the sarco-
plasm, which appears as a shoulder on
the falling phase of the calcium transient
(trace ¢ in Fig. 1D). Subtracting the
control calcium transient yields the time
course and magnitude of the ‘‘extra’
calcium, and this is shown in trace e of
Fig. 1D. Thus, quickly releasing the
muscle transiently reduces force and
transiently increases free calcium (/1),
presumably by releasing it from binding
sites on the myofilaments (/2). Increased
calcium binding as a result of cross-
bridge interaction was previously shown

“Steady” force

"Steady” light
Fig. 1 (left). (A to C) Quasi-steady-state hysteresis force-calcium relation. (A) Long stimulus pulse at constant amplitude. (B) Long stimulus with

brief initial extra depolarization: trace v, membrane potential at 40 mV/cal; trace c, aequorin light signal (calcium transient) at 1.0 wA/cal; and
trace p, isometric force at 46 mN/cal. Horizontal sweep, 4 sec/cal; temperature, 7°C; fiber length, 23 mm. (C) Quasi-steady-state force-pCa

relation with the “‘steady’’ force and “
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by Bremel and Weber (/3) and by Fuchs
(14) on the basis of measurements on
isolated proteins and myofibrils under
rigor conditions and was suggested by
Adelstein and Eisenberg (15), Taylor
(16), and Shiner and Solaro (17) on theo-
retical grounds. We have demonstrated
this phenomenon under physiological
conditions. ,

On the basis of results from intact
(Fig. 1, A to C) and skinned (Fig. 2)
fibers, we conclude that contraction
modulates calcium sensitivity. The re-
sults of Fig. 1D strongly suggest that the
mechanism responsible for changes in
calcium sensitivity deperids on changes
in calcium binding and calcium affinity.
Therefore the force-pCa relation of the
muscle is not unique, but depends on the
contraction history. The hysteresis is
quite large compared to the working pCa
range (Fig. 2B) so that the phenomenon
is important.

The feedback from force to calcium
sensitivity can help explain several pre-
viously puzzling phenomena in muscle,
including (i) the relatively high force-to-
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steady’’ light at the end of a 10-second depolarization whose amplitude was controlled manually to give

force wave forms 1 to 3 (see text). (D) Response to a transient change in force and length produced by a quick release (shortening) (at point shown
by arrow): trace v, membrane potential at 40 mV/cal; trace p, isometric force at 66 mN/cal; trace 1, fiber length at 2.5 mm/cal; trace ¢, aequorin
light signal (calcium transient) at 1.0 wA/cal superimposed on control light signal without the length change; and trace e, the extra light—the

difference between the expeérimental and control calcium transients. Temperature, 9°C; fiber length, 23 mm.

Fig. 2 (right). Hysteresis in the

force-pCa relation in skinned fibers. (A) At points shown by the arrows the fiber is transferred consecutively to a relaxing solution with EGTA as
the calcium buffer (R) (not shown), a relaxing solution with HDTA as the calcium buffer (H, shown on the left), solutions with pCa values as indi-
cated (5.63, 5.0, and 5.63, again with EGTA as the calcium buffer), a relaxing solution with EGTA (R), and finally HDTA solution (H) to test force
return to baseline. Horizontal and vertical bars represent 1 minute and 100 N, respectively. Fiber diameter, 50 m; temperature, 22°C. (B) Force as
fraction of maximum plotted against pCa for two conditions: (@) stepping up and (O) stepping down calcium concentration. Standard error bars

are shown (N =

respectively, for increasing calcium and 2.7 and 5.66 for decreasing calcium.
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ten fibers). Curves were fitted by the Hill equation: fractional force = [Ca]™/([Ca]¥+K"), with N and pK = 3.3 and 5.53,
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calcium ratio observed early in relax-
ation (3); (ii) shifts in the force-pCa rela-
tion with changes in sarcomere length
(18, 19); (iii) the apparent positive
‘‘cooperativity’’ in calcium activation
that steepens the force-pCa curve (19—
21); and (iv) an effect on calcium sensi-
tivity of factors that may affect actomyo-
sin interaction and influence cross-
bridge turnover (for instance, Mg-ATP,
Mg, pH, and fiber type) (20, 21).
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Dwarf Males in the Teredinidae (Bivalvia, Pholadacea)

Abstract. Extreme sexual dimorphism in the Bivalvia is rare. The occurrence of
dwarf males in Zachsia appears to be the first case in the Teredinidae and the first
outside the Leptonacea. Female Zachsia release straight-hinge larvae that develop
in the plankton and settle on living rhizomes of Phyllospadix. Larvae entering mantle
pouches of females become males. Evolution of this life history pattern is tied to
problems of living in a fragile, patchy habitat—that is, the rhizomes of Phyllospadix.

Studies of the life history of Zachsia
zenkewitschi Bulatoff and Rjabtschikoff
1933 (1) conducted at the Vostok Field
Station in the Soviet Union (2) revealed a
case of marked sexual dimorphism—that
is, dwarf males (3) in the Teredinidae.
We investigated the ‘‘tailed larvae’’ of
this little known species. These were
described as occurring in lateral mantle
pouches just anterior to the siphons (/).
It was these so-called larvae that proved
to be dwarf males.

The occurrence of dwarf males among
the Bivalvia is rare and otherwise known
only in the Veneroida, superfamily Lep-
tonacea (4). Species with dwarf males
are small, parasitic on or commensal
with a marine invertebrate (except Z.
zenkewitschi), and so far as known,
brood their larvae.

Like other species with dwarf males,

Fig. 1. (A) Lateral view of posterior end of a
female Zachsia zenkewitschi showing si-
phons, left pallet, mantle collar, and left man-
tle pouch (arrow) containing dwarf males
(preserved specimen, %9). (B) Mature dwarf
male Zachsia zenkewitschi removed from the
pouch of the female (preserved specimen,
x30).

Z. zenkewitschi lives in a restricted,
patchy habitat, but differs in that it in-
habits living rhizomes of the sea grass
Phyllospadix iwatensis Makino rather
than associating with a marine inverte-
brate. Specimens studied were dissected
from Phyllospadix collected at six local-
ities in Vostok Bay. Additional speci-
mens were collected by Y.Y. at Putjatin
Island, about 25 km west of Vostok, and
at Vladivostok, the type locality of Z.
zenkewitschi. The following observa-
tions were based on the study of over 100
specimens collected from these various
localities.

Superficially adult female Z. zenke-
witschi look like other short-term lar-
viparous shipworms. The larvae are
brooded until the straight-hinge stage
and released en masse when 80 wm long
and 70 pm high. They reach the pedive-
liger stage after feeding in the plankton
for 2 to 3 weeks. In laboratory cultures
most larvae swim near the bottom of the
culture dish, suggesting that in the field
they probably swim in the sea grass beds
rather than the turbulent surface waters
and that wide-ranging dispersal is proba-
bly by adults in floating sea grass.

Experimentally we have not succeed-
ed in getting pediveliger larvae to meta-
morphose, but field and laboratory ob-
servations indicate that larvae which set-
tle on Phyllospadix that is not inhabited
by Zachsia will penetrate and metamor-
phose into females. Pediveligers settling
on rhizomes already inhabited by a fe-
male will crawl into one of the mantle
pouches, which open into the cavity of
the mantle collar at the base of the
siphons of the female, and metamor-
phose into males (5). The pouch contain-
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