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ABSTRACT The effects of ionic strength on the generation of tension and upon
the interfilament spacing in living intact and skinned single striated muscle
fibers from the walking leg of crayfish (Orconectes) were determined by iso-
metric contraction studies correlated with low-angle X-ray diffraction. Sarco-
mere lengths were determined by light diffraction. Tensions were induced in
intact fibers by caffeine in the bathing medium and by ionophoretic microin-
jection of calcium. Tensions were induced in skinned fibers by a buffered cal-
cium-EGTA solution. The interfilament spacing of intact and skinned fibers
over the range of ionic strengths investigated were determined by X-ray diffrac-
tion and correlated with the physiological data. It is demonstrated that the
ionic strength affects the tension-generating capacity of the muscle as it affects
the chemo-mechanical transform of excitation-contraction coupling. It is
further demonstrated that interfilament spacing changes encountered during
shortening and with variation in the osmotic strength have no effect upon the
tension-generating capacity of muscle.

INTRODUCTION

According to the sliding filament model for the shortening of striated muscle
(35, 41, 48), active tension (at lengths greater than rest length) is directly
proportional to the number of thick filament active sites (cross bridges) which
are overlapped by thin filaments. Gordon and coworkers (32-34) demon-
strated that the shape of the entire length-tension curve for active muscle
could be precisely explained in terms of the amount of myofilament overlap.

As muscle changes length, the myofilament lattice remains isovolumic
(1, 5, 15, 25-27, 43, 44, 46), thus the spacing between the myofilaments varies
as a function of the square root of the sarcomere length. Several investigators
have questioned the role of interfilament distance on the generation of muscle
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tension (22-25, 31, 46, 50, 54), as a factor in the determination of the shape
of the length-tension diagram (22).

Interfilament spacing can also be varied by osmotic means (1, 6, 16, 49, 50,
63, 70). Edman and Anderson (22) presented evidence based upon experi-
ments accomplished under various osmotic conditions which suggest that
variation in the interfilament spacing may not alter the ability of muscle to
generate tension.

In addition to the relation with sarcomere length, muscle tension has been
demonstrated to be a function of the tonicity of the medium. Numerous in-
vestigators (22, 30, 31, 39, 40, 52, among others) have demonstrated that
muscle behaves as an osmometer in hypertonic and hypotonic solutions, and
that tensions are diminished and enhanced in the respective solutions. It has
been suggested (22, 40, 57) and recently demonstrated (7, 31) that it is the
change in the internal ionic strength which alters the tension-generating
capacity of muscle. Perry (56) and Weber and Herz (69) presented evidence
which suggested that myosin ATPase activity is a function of the ionic strength
of the medium. Eisenberg and Moos (23) demonstrated that ionic strength
affects the dissociation constant of the acto-heavy meromyosin complex, but
not the Michaelis constant of the acto-heavy meromyosin ATPase. These in
vivo and in vitro ionic strength effects may be related.

It was reported by Rome (63) that ionic strength can alter myofilament
spacing within glycerinated frog muscle. It has since been demonstrated,
however, that ionic strength per se has no discernible effect upon myofilament
spacing in living single intact fibers of crayfish muscle (5, 6). It also has been
shown that the myofilament spacing of the skinned crayfish fiber is only
slightly affected by halving or doubling the ionic strength alone. However,
myofilament spacing in intact single fibers has been demonstrated to be a
function of the osmolarity of the medium (6).

By correlating the effects of tonicity upon the tension-generating capacity
with the osmotic behavior of the myofilament lattice, this paper presents
evidence that the tension-generating capacity of muscle is independent of
myofilament separation. Brief accounts of these results have appeared (2, 8, 9).

MATERIALS AND METHODS

The preparation of single muscle fibers from the meropodite of the walking leg of
crayfish (Orconectes) as well as a description of some of the apparatus and electron
microscope procedures have been described in detail in a previous paper (5).

Single fibers were dissected in a modified van Harreveld crustacean saline solution
in a Plexiglas chamber fitted with glass sides. The chamber was mounted in an optical
diffractometer and the distal tendon was attached to a strain transducer (Model
FT.03C, Grass Instrument Co., Quincy, Mass.) which was adjustable through a
micrometer mechanism to provide various amounts of stretch to the fiber. Isometric
tensions were recorded on an ink pen polygraph (Model 7, Grass Instrument Co.,
Quincy, Mass.). The balanced recorder was calibrated with a 1000 mg weight after
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the muscle fiber had been attached to the strain transducer. Tensions were elicited by
perfusing 25 ml of experimental solutions, containing 10 mM caffeine, through the
chamber at a flow rate of 1 ml/s. The capacity of the chamber was approximately
2 ml, thus a rapid and complete turnover of solution within a few seconds was en-
sured. The caffeine-evoked contractures were of the same magnitude as those evoked
by a potassium depolarization and were reproducible with less than 5 % variation,
provided that the muscle had been bathed in caffeine-free solution for 20 min. Elec-
tron microscope observations (P. W. Brandt, unpublished observations) indicate that
this concentration of caffeine results in no apparent damage to the membranes of
muscle fibers fixed either during the peak of tension or after 2 h of continuous ex-
posure to caffeine. Caffeine was chosen as the preferred activator because it by-passes
the electrically mediated processes of excitation-contraction coupling.

A. Length-Tension Relation in Response to Caffeine under Conditions of Varied

Osmolarity

The length-tension experiments were conducted in two ways. In both, the fibers were
initially adjusted to a selected short sarcomere length (slack length). In one procedure
the response of the fiber to caffeine in a particular medium was measured over a series
of increasing sarcomere lengths. In the second method the procedure involved the
alternation of a caffeine tension in the control solution with a caffeine tension in
either a hypertonic or hypotonic solution before the sarcomere length was changed.
In the latter procedure each fiber served as its own control.

Fibers near the maximum length frequently broke when subjected to caffeine
tensions especially in hypotonic solutions in which the tensions were potentiated.
Return to rest length was often impractical due to hysteresis effects (58) and such
return along the length-tension curve usually required two consecutive caffeine con-
tractures to obtain the maximum tension at the new shorter sarcomere length.

The amount of muscle stretch was either 0.2 or 0.4 mm, representing increases of
approximately 5 and 10 % of the muscle length, respectively. If the measurements of
sarcomere lengths differed by 10 % or more from the proximal to the distal end of the
fiber, the experiment was terminated and the results were not used.

The experiments were conducted using the solutions summarized below:
(a) Control (190 mM NaCI, 13.5 mM CaCl 2, 10 mM sucrose or caffeine, 5 mM

KC1, 2.5 mM NaHCO3, pH 7.6).
(b) Hyposmotic (hypotonic) to control by deletion of 95 mM NaCI.
(c) Hyposmotic (hypotonic) to control by deletion of 47.5 mM NaCl.
(d) Hyperosmotic (hypertonic) to control by addition of 190 mM NaCI.
(e) Isosmotic (hypotonic) to control by substitution of 47.5 mM KC1 for an

equivalent of NaCI.
(f) Isosmotic (hypotonic) to control by substitution of 95 mM KC1 for an equiva-

lent of NaCI.

B. Tension Determination in Intact and Skinned Single Fibers under Conditions of
Varied Osmolarzty

The experiments designed to determine the effect of ionic strength upon tension in
the intact and skinned fibers were undertaken near the rest length. The sarcomere
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length was determined by light diffraction and was not further changed. Tensions
were evoked with 10 mM caffeine in control saline solutions. After relaxation the
fibers were washed with one of a series of hyposmotic solutions (containing 130 mM
NaCl, 150 mM NaCI, 170 mM NaCl), equilibrated for 30 min at each step and the
tensions evoked by caffeine. The same procedure was continued through a series of
hyperosmotic solutions (containing 270 mM NaCi, 350 mM NaCi, 430 mM NaC1,
510 mM NaCi, 570 mM NaCI, 650 mM NaCl) after which the control was repeated.

Single muscle fibers with the sarcolemma removed were prepared according to the
procedure described by Reuben et al. (59, 60). After dissection in control saline
solution the fibers were equilibrated for 30 min in a solution containing 200 mM
potassium propionate, 5 mM MgCl2, 9 mM K2-EGTA, 1 mM calcium propionate,
1 mM ATP and buffered to pH 7 with 20 mM Tris. The sarcolemma was then
stripped back along most of the fiber length and the fiber attached to the strain trans-
ducer. The ionic strength was varied by adjusting the concentration of potassium pro-
pionate in the medium. In another series of experiments, increasing concentrations of
sucrose were added to the media with constant potassium propionate concentrations.
The skinned muscle fibers were photographed through a microscope to monitor the
volume of the fiber during the experimental procedures. Tensions were evoked in the
skinned fibers by replacing the bathing medium with one containing 9 mM calcium
propionate and 10 mM K2-EGTA, thereby providing a pCa of 5.7 (59). The acti-
vating solution was washed out of the chamber when the tension had reached a
maximum.

RESULTS

A. The Length-Tension Relation as a Function of Osmolarity

The relation between sarcomere length and tension for six single muscle fibers
from crayfish is presented in Fig. 1. The tension generated by single fibers in
response to caffeine (10 mM) in control saline solution increases as the fiber
is stretched from a shortened sarcomere length of 6.5 /m to approximately
7.0 m where the tension response reaches a plateau of maximum ten-
sion. No further change in the magnitude of tension is reached until the
fiber is stretched to a sarcomere length of approximately 8.2 Am. The sarco-
mere lengths which define the plateau of maximum tension are called the
upper and lower limits of optimum tension (34), thereby circumventing the
often ambiguous term "rest length." From this point tension response to
caffeine stimulation diminishes as the sarcomere length is further increased.
Tension is about 10% of maximum at a sarcomere length of 13.0 m and by
extrapolation it appears that the tension would be zero at approximately
13.5 ,um.

Similar results were obtained when reversal along the length-tension curve
was accomplished or when the length-tension curve was obtained by com-
mencing with long sarcomere lengths.

In order to determine the effects of myofilament spacing upon the genera-
tion of tension, fiber volumes and hence myofilament lattice volumes were
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FIGoRE 1. Control length-tension relation. The percentage of maximum tension (rela-
tive tension) generated by six single crayfish muscle fibers is plotted against the relative
and actual sarcomere length. The upper limit of optimum length ("rest length") is at
approximately 8.2 am and the lower limit of optimum length ("slack length") is at ap-
proximately 7.0 Am. The solid lines are fitted to the experimental points by the method of
least squares. Caffeine stimulation.

adjusted osmotically. It has been previously demonstrated (6) that the
volume of the myofilament lattice is a function of the volume of the whole
fiber. The conditions of the fiber and myofilament lattice under the various
osmotic conditions are summarized in Table I. Length-tension experiments
in a medium made hyperosmotic by addition of 190 mM NaCl to the control
medium result in a length-tension curve similar to the control, but with
diminished amplitude. The maximum tension obtained is 70% of the esti-
mated maximum tension projected from the initial point eilicited in control
saline solution (Fig. 2). The locations of the points of change in the slopes of
the experimental length-tension curve are not different from that of the
control curve.

Fig. 3 a compares three length-tension curves which were obtained from
four self-controlled experiments. In two experiments, single fibers were
alternately bathed in hyposmotic (solid circles) and isosmotic (open circles)
solutions, while in two other self-controlled experiments, fibers were bathed
in hyperosmotic (solid squares) and isosmotic (open squares) solutions. Ten-
sion in the hyposmotic conditions (made by the deletion of 95 mM NaC1
from the medium) is an average 29% greater than the control (upper curve in
Fig. 3 a). The shape and dimensions of the hyposmotic curve are not as pre-
cise as the control and hyperosmotic curves because single fibers frequently
broke under the potentiated contractures of the hyposmotic conditions. In
the self-controlled experiments, tension in hyperosmotic media is an average
of 22% below the control tension levels (lower curve in Fig. 3 a). Otherwise,
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TABLE I
RELATION BETWEEN FIBER VOLUME AND LATTICE VOLUME

Relative volume

Time Fiber Lattice

min

1. Control 30 No change No change
2. Hyperosmotic NaCl 30 Decrease Decrease
3. Hyposmotic NaCl 30 Increase Increase
4. Hyperosmotic KCI 4 Decrease Decrease
5. Hyperosmotic KC1I 30 Return Return
6. Isosmotic (hypotonic) KCI 30 Increase Increase

0.2-
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FIGURE 2. Hyperosmotic length-tension relation. The relative tension in a single muscle
fiber bathed in a medium made hyperosmotic by addition of 190 mM NaCl is plotted
against the sarcomere length. The first point (open circle) is the tension obtained in con-
trol saline before the medium was made hyperosmotic. This point provides a con-
trol point from which the maximum control tension may be projected. Caffeine stimula-
tion

the shape of the curve and the locations of the changes in slopes in hypertonic
media are similar to those of the control curve with no indication of any
lateral shift of the upper or lower limits of optimum tension. The hyper-
somotic, control, and hyposmotic curves of this series of experiments each
extrapolate to zero tension in the vicinity of 14.6 um. The intercept of the
abscissa in Fig. 3 a is higher than in Fig. 1. The difference is probably due in
part to the extremely prolonged experimental procedures and the frequent
changes in volume which may have resulted in increased skewing of the
sarcomeres at the longer sarcomere lengths.

B. Length-Tension Relation as a Function of Tonicity

The results of five experiments in which single muscle fibers were swollen in
hypotonic, but isosmotic, KC1 solutions are presented in Fig. 4. Little or no
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FIGURE 3. (a) Caffeine induced length-tension relations in crayfish single muscle fibers
under conditions of varied osmolarity. The tension relative to maximum control tension
in hyposmotic (100 mM NaCI) media (solid circles) and in isosmotic (190 mM NaC1)
media (open circles) obtained from two self-controlled experiments and the tension rela-
tive to maximum control tension in hyperosmotic (380 mM NaCI) media (solid squares)
and in isosmotic media (open squares) from two other self-controlled experiments is
plotted against the sarcomere length. The solid lines (except those representing the
plateaus of maximum tension) are fitted by the method of least squares while the in-
terrupted line suggests a possible shape for the hyposmotic curve where less data could be
obtained. (b) Caffeine induced length-tension relations in crayfish single muscle fibers
under conditions of varied osmolarity. Data from (a) normalized to maximum tension
under each experimental condition. The lines (except for the plateau of maximum tension)
are fitted by the method of least squares. Changes in the slopes of the length-tension
curve occur at 5.9, 6.8, 8.2, and 14.6 jm.
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FIGURE 4. Length-tension relation under conditions of constant intracellular ionic
strength, but increased muscle volume. The relative caffeine-induced tension of three
swollen single muscle fibers and two swollen single muscle fibers bathed in respective
solutions modified by the substitution of 47.5 mM KCl (triangles) and 95 mM KC1
(squares) for equivalent amounts of NaCI is plotted against the sarcomere length. The
solid line represents the control length-tension obtained by applying the least squares
method to the results (not plotted) of six single control fibers. The slight variation be-
tween sets of data is not of statistical significance (P> 0. ).

TABLE II

RELATION BETWEEN IONIC STRENGTH AND TENSION

Equilibrium ionic strength
(estimated) Equilibrium tension

1. Hyperosmotic NaCI Increase Decrease
2. Hyposmotic NaCI Decrease Increase
3. Hyperosmotic KCI Increase Decrease
4. Isosmotic (hypotonic) KCI No change No change

change in the intracellular ionic strength is anticipated under conditions in
which the KC1 concentration is altered isosmotically (13). In these experi-
ments control tensions were measured before the volumes of the fibers were
adjusted. In order to compare the results from numerous fibers of different
sizes, initial tensions in control medium were normalized to that percentage
of maximum tension which is expected at the particular sarcomere length.
Three experiments were conducted in a saline solution in which there was a
25% replacement of the NaCl by an equivalent amount of KC1 (triangles).
The slope of that portion of the length-tension diagram beyond the upper
limit of optimum length is -18.93. Two experiments were conducted in a
medium in which there was a 50% replacement of the NaCl by KC1 (squares).
The slope of the same portion of the length-tension diagram in this instance is
-16.60. The control slope is -19.16 and the slope of all of the grouped
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experimental points for this portion of the curve is -18.69 ( 1.4 SD). The
individual slopes of all of the experimental data in this series of experiments
were subjected to analysis of variance which indicated that there is no signifi-
cant difference between any of the slopes (P > 0.1). In these experiments the
tension in response to caffeine stimulation is not changed even though the
fiber and the myofilament lattice are swollen by as much as 130% of the
control. Thus, increasing the fiber volume and the lattice volume at constant
ionic strength is accompanied by neither a significant change in the tension
nor a change in the shape of the curve. The relationship between tension and
ionic strength is summarized in Table II which can be compared to the
volume changes summarized in Table I.

C. Tension Response of Single Fibers to Caffeine and Calcium under Conditions
of Varied Osmolarity

The relative tension produced by caffeine stimulation in intact single fibers is

a function of the tonicity of the medium. The relative caffeine-induced
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FIGURE 5. Tension as a function of ionic strength. The relative tensions induced in the
intact crayfish fiber by calcium microinjection (2 X 10- 4 M/s; solid squares, replotted
from April et al., 7) and by caffeine (10 mM; open squares) and in three skinned fibers
by a buffered Ca-EGTA solution (pCa 5.7; solid circles) are plotted against the ionic
strength of the medium which was controlled by the NaCI concentration for the intact
fibers and by the potassium propionate concentration for the skinned fibers. The open
circle represents the control point for all of the experiments. The line is fitted by eye. Re-
gardless of the differences in myofilament spacing (cf. Fig. 6) the tensions remain similar.
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tensions are plotted (open squares) against the ionic strength of the medium
in Fig. 5. The relative tensions resultant from caffeine stimulation are en-
hanced in media made hypotonic by deletion of NaCl and tensions progres-
sively diminish as the solution is made hypertonic by addition of NaC1.
Tension is abolished at 3-313 times the control NaCL concentration.

In four experiments, single muscle fibers with the sarcolemma removed
were bathed in media of different ionic strengths. The relative tensions in-
duced by raising the pCa of the medium to 5.7 are plotted in Fig. 5 (solid
circles) against the ionic strength of the medium. The relative tension in the
skinned fiber in response to calcium in the bathing media is nearly identical,
over the range of ionic strength studied, to the response in the intact fiber
induced by caffeine. Both curves are nearly identical to that obtained by
ionophoretic microinjection of calcium (solid squares, Fig. 5, replotted from
April et al., 7). In all of these experiments the relative tensions are enhanced
or diminished in media which result in respectively lower or higher intra-
cellular ionic strengths.

DISCUSSION

The Effect of Tonicity on Tension and the Length- Tension Relation

Changes in the composition of the bathing medium affect the threshold and
mechanical response of the muscle fiber to electrical stimulation (18, 31).
Therefore, to obtain reliable tension in single muscle fibers, methods were
selected which were independent of the electrical excitation process. Either
caffeine was used as a stimulus or, after the sarcolemma had been removed,
calcium was applied directly. In previous studies, calcium was microinjected
ionophoretically into the myoplasm of single crayfish fibers (7).

Caffeine is capable of activating the contractile mechanism even when the
membrane is depolarized (10, 19-21) or when the fiber is in hypertonic solu-
tions (18). Korey (51) and Hasselbach (36) have shown that caffeine has no
effect upon the actomyosin system. Bianchi (11), employing radiokinetic
techniques, demonstrated that caffeine quickly penetrates the muscle fiber
and Caldwell and Walster (17) evoked tension by microinjection of the
alkaloid. Herz and Weber (37) and Weber (68) suggest that caffeine causes
an increase in the cytoplasmic calcium concentrations through inhibition of
calcium uptake by the sarcoplasmic reticulum. Since a multitude of studies
indicate that calcium is the final contractile activator (12, 64), it appears that
caffeine either mimics or initiates the final step of the electrical excitation
process, i.e., the increase of cytoplasmic calcium concentration (64).

When single muscle fibers from the crayfish are suspended at approxi-
mately maximum optimum length in media of various tonicities, caffeine-
evoked contractures and those evoked in the skinned fiber by changing the
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pCa from 8 to 5.7 are potentiated in hyposmotic media while diminished in
hyperosmotic media (cf. Fig. 5). Both in these and in our previous experi-
ments (7) tensions are not detectable when the NaCL concentration of the
medium is increased by 3 times to 600 mM.

The slight variation in data in these three types of experiments can be at-
tributed to the different techniques used. One major difference between the
whole fiber stimulation involving caffeine and calcium from that of the
ionophoretic microinjections of calcium previously reported (7) is related to
the uniformity with which the contraction occurs along the muscle fiber.
Caffeine stimulation in the intact fiber and calcium stimulation in the
skinned fiber under isometric conditions involves the whole length of the fiber.
However, it is possible that there may be an alternating, out of phase shorten-
ing and stretching of the sarcomeres. In the instance of localized ionophoretic
microinjection of calcium, the sarcomeres within the contraction spheres
appear very uniform with a supercontracted sarcomere length of about 3 um
(7, 14). Even though the fiber is held at constant length, there is extreme
shortening of sarcomeres in the stimulated volume with a concomitant stretch-
ing of sarcomeres in the nonstimulated volume of the muscle. Yet, the relative
tension curve is similar to those obtained by other methods.

Since the tension response curve of the intact fibers is essentially identical to
that of the skinned fiber under the same conditions of ionic strength, but since
the intact and skinned fibers have markedly different lattice spacings, it is
clear that the tension-generating capacity of muscle is strongly dependent
upon the ionic strength of the medium and not the fiber volume per se.

It has been demonstrated that muscle volume is a function of the osmotic
pressure of the medium (13, 53) and that this relation held for single muscle
fibers of the frog (62) and crayfish single fibers (61). The results discussed
thus far and summarized in Table II as well as those presented in a previous
paper (7) indicate that, at constant sarcomere length, tension in the intact
crayfish fiber is a function of the volume-associated changes in intracellular
ionic strength and that in the skinned fiber tension is directly dependent upon
ionic strength.

The results obtained in crayfish fibers with caffeine stimulation are in con-
flict with those reported by Caputo (18) who found that hypertonic solutions
(2 X) potentiate the caffeine contracture in frog single fibers. Podolsky and
Sugi (57), however, show a 10-fold reduction in the rate of shortening for frog
fibers activated with caffeine in a solution which was hypertonic (3 X). Since
the osmotic pressure of the frog physiological saline solution is one-half that of
crayfish physiological saline solution, this may account for the incomplete
blockage of tension in the frog at tonicities of twice or three times the control.
The results discussed in this report for intact crayfish fibers by caffeine stimu-
lation are in substantial agreement with the results obtained by calcium
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microinjection and by direct stimulation from calcium in the skinned fiber.
The minor differences between the crayfish and frog may be due to species
differences.

The basic shape of the length-tension curves as explained by the sliding
filament model for muscle shortening would not be expected to vary with
interfilament spacing (except in magnitude as a function of ionic concentra-
tion) if filament overlap were the sole parameter determining the amount of
tension. Since the myofilament lattice shortens isovolumically with the inter-
filament spacing varying inversely as the square root of the sarcomere length,
the possible effect of interfilament spacing upon tension must be considered.
When crayfish striated muscle shortens from 8.2 to 5.7 jzm (the apparent
physiological range), the center to center spacing between the thick myofila-
ment increases by a factor of 1.12 and the thick to thin myofilament spacing
increases by the same factor (5). The interfilament distance increases by a
factor of 1.89 over the entire range of shortening (11.2-3 /&m). The distance
over which the contractile forces between the thick and thin filaments must
operate increases as the square root of the amount of shortening. It was con-
ceivable that this change in interfilament spacing might alter the amount of
tension which is capable to being generated at a specific sarcomere length.

The filaments not only increase their lateral spacing during normal shorten-
ing, but filament spacing of crayfish myofibrils can be made to vary by osmotic
means as well (5, 6, 8, 9). A fiber with a control thick filament spacing of
548 A at a sarcomere length of 9.6 um corresponds to 596 A in M X hypos-
motic solution and 486 A in 2 X hyperosmotic media at the same sarcomere
length. These two interfilament distances are equivalent, respectively, to
shortening a control fiber to 8.05 Ahm and stretching the fiber to 12.1 Aum in
the control saline solution. If change in lateral interfilament spacing, due to
swelling or shrinking, affects the tension-generating capacity of the muscle,
an alteration in the magnitude or a skewing of the shape of the length-tension
curve would be evident. This follows because the lattice spacing of the
shrunken fiber, for example, is equivalent to that of a control fiber which has
been stretched to a longer sarcomere length.

The effects of volume changes on tension were studied over a series of
different sarcomere lengths (7, 8). From the length tension diagrams for single
fibers bathed in hypertonic media (cf. Fig. 2) it would appear that, at various
sarcomere lengths, tension might be indirectly dependent upon the volume of
the muscle fiber. However, the locations of the points of change in the slopes
of the length-tension diagram remain the same (cf. Fig. 3 a). When the ten-
sions of the experimental curves are normalized to the maximum tension of
the control and the relative data are plotted together, there is no significant
difference among the curves (cf. Fig. 3 b). These results are in agreement
with the report by Edman and Anderson (22) that electrical stimulation of
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shrunken or swollen single fibers from the frog provide length-tension curves
which are nearly identical when plotted as superimposed relative tensions.

Length-tension curves were also determined in solutions in which various
amounts of KC1 were substituted for NaCl (cf. Fig. 4). There is no significant
change in the amount of absolute tension or in the shape of the length-tension
curve when fibers are swollen in this isosmotic, but hypotonic, KC1 solution
(6, 7). This is what might be expected because there is no change in the inter-
cellular ionic strength (13) even though the fiber swells considerably. If,
however, a change in interfilament spacing were to affect the tension, then a
change in the shape or magnitude of the length-tension diagram would have
been predicted. Analysis of variance of the data from these experiments
indicates that there is no change in the tension and no significant change in
the shape of the length-tension curves even though the amount of swelling
surpassed (by 12%) that of the hypotonic NaCl experiments.

In all of the length-tension experiments, the superposition of the relative
curves indicates that the sarcomere length (filament overlap) parameter alone
determines the shape of the length-tension curve and that the shape and
magnitude of the curve is independent of the distance between the filaments
over which the contractile forces are presumed to operate. The shape of the
length-tension curve evidently bears very little relation to the actual width of
the myofilament lattice.

While it has been demonstrated that ionic strength affects maximum
tension response (PO), the mechanism of action is not clear. Supposedly, PO
represents a state of contraction in which the statistical maximal number of
cross bridges capable of interacting are so doing (34, 45). Ionic strength has
been reported to affect actomyosin ATPase activity (56, 69). It has been
demonstrated, however, by Eisenberg and Moos (23) that ionic strength
affects specifically the rate of dissociation of heavy meromyosin from actin,
not the acto-heavy meromyosin ATPase activity. A similar ionic strength
dependency upon the binding of heavy meromyosin to actin would be ex-
pected (23). While it is quite plausible that there may be a relation between
the dissociation constant of actin-heavy meromyosin and the tension output,
there appears to be no model for contraction which relates these factors as to
cause and effect. It appears unlikely that decreasing ionic strength would
increase the number of functional cross bridges, unmask additional active
sites on the actin filaments or change the force generated by a single cross
bridge. One might speculate, however, that an increased rate of actomyosin
association in hypotonic solutions could result in a net decrease in the time
necessary for free cross-bridge attachment. If no other change occurs (if
duration of cross-bridge attachment remains the same), there could be a
statistically greater number of cross-bridges engaged at any instant and,
therefore, greater P,.
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Correlation between Myofilament Spacing and Tension

Tension in fibers under conditions of various ionic strengths (cf. Fig. 5) can
be correlated with X-ray diffraction measurements of interfilament separation
under the same experimental conditions (cf. Fig. 6). This X-ray diffraction
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FIGuRE 6. Interfilament spacing in crayfish as a function of osmolarity and of ionic

strength. The lattice spacing and the interfilament spacing determined by X-ray diffrac-
tion for living single fibers (circles) and living fibers from which the sarcolemma has
been removes (triangles) are plotted against the same conditions expressed, respectively,

as the relative osmolarity and the relative ionic strength of the medium. The curve for
the intact fibers is calculated from the Boyle-van't Hoff equation, while that for the
skinned fibers is fitted by the method of least squares. The open symbols represent mean
values, with n and the standard deviation from the mean indicated.

data for intact and skinned single fibers in potassium propionate media has
been presented in a previous paper (6). It was demonstrated that the myofila-
ment lattice of the intact fiber reflects the osmotic behavior of the whole fiber
(Table I) and that the interfilament spacing can be predicted from the Boyle-
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van't Hoff relation. After removal of the sarcolemma, the myofilament lattice
expands to a new volume and, henceforth, responds markedly less and in the
opposite direction to the same osmolar changes, expressed as ionic strength,
which greatly modify the lattice volume of the intact fiber. At twice the con-
trol ionic concentration the difference in interfilament spacing between the
intact and skinned fiber is 222 A (cf. Fig. 5). Using this method to obtain
markedly different myofilament lattice volumes at the same values of ionic
strength, the maximum tensions produced by various means under these con-
ditions can be compared.

The absolute values of the tension induced directly by calcium in the
skinned fibers is diminished (indicating that the ionic strength within the
lattice of the intact fiber may be lower than usually accepted). However, the
shape of the tension curve is not significantly different from the relative ten-
sion curve produced in the intact single fibers with caffeine or calcium micro-
injection over the same range of conditions (cf. Fig. 5). It is to be emphasized
that at high ionic strengths the myofilament spacing is very much greater in
the skinned fiber than in the intact fiber, while at lower ionic strengths the
spacing is similar or identical. If tension were a function of the interfilament
separation it would be expected that the tension curve of the skinned fiber and
that of the intact fiber should diverge as the osmolarity (ionic strength) of the
medium is increased. From the data presented in Fig. 6, as the ionic strength
or osmolarity of the medium is increased, tension in the skinned fiber might
be expected to decrease as a function of the distance between the myofilaments
at a much greater rate than tension in the intact fiber because in the former
the myofilaments move further apart while in the latter they move closer
together. This, obviously, is not the case because it is demonstrated in Fig. 5
that the same amount of relative tension is capable of being generated irre-
spective of whether the thick filaments are 500 or 750 A apart. Electron
microscopy of fixed muscle and X-ray diffraction evidence from relaxed and
contractive muscle indicate that the thin filaments maintain their relative
positions in the unit cell of the myofilament lattice. The thin filaments always
appear to be equidistant from the nearest thick filaments whether the fiber is
shortened or stretched, swollen or shrunken. Thus the range of thick filament
spacing just mentioned corresponds to thin-to-thick filament spacing of from
260 to 390 A in the 6: 1 lattice of the crayfish leg muscle. It is evident, there-
fore, that the tension-generating capacity of muscle is not dependent upon
interfilament separation.

Concluding Remarks

The independence of myofilament separation and tension-generating capacity
is of interest in view of the constraints placed upon the various models of mus-
cle contraction. While it is obvious that during shortening the interdigitating
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filaments slide past each other, it is not obvious why the tension is unaffected
by varying distance between the filaments. With respect to any of the pro-
posed electrostatic (24, 28, 65-67, 71) and electrostatic-hydraulic (29) models
of contraction, it stands to reason that tension should vary as an inverse func-
tion of the interfilament separation because the electrostatic forces fall off
as the 6th power of the distance (24). Consequently, while electrostatic and
van der Waal's forces are certainly very important in the maintenance of
filament separation and alignment (3, 24, 28), the findings presented herein
do not appear to be particularly compatible with a shortening model based
upon changes in the strength of the electrostatic repulsive forces between
the filaments.

The other plausible alternative appears to involve models which propose a
direct chemo-mechanical interation between the thin filament and the cross
bridge of the thick filament. The cross bridges must be flexible or exensive
because the contact between the filaments must be maintained over a rather
wide range of distances. Pepe (54, 55) has proposed a mechanism for the
maintenance of bridge contact. Experiments using antibody-staining tech-
niques in frog muscle lead him to conclude that as the lattice expands, part of
the light meromyosin component of the myosin molecule bends away from
the myosin filament to maintain contact with the thin filament active site. This
concept has received some support from X-ray diffraction evidence (47) and
has been modified and expanded by H. E. Huxley (46), Hill (38), and A. F.
Huxley and Simmons (42). The results presented herein are compatible with
shortening models which propose chemo-mechanical interaction of flexible
cross bridges between thick and thin filaments.

While our previous papers in this series (5, 6) support a hypothesis for the
liquid-crystalline nature of the resting myofilament lattice and this paper has
discussed the relationship between myofilament spacing and tension, little at-
tempt has been made herein to correlate these phenomena. Subsequent papers
(3, 4) will deal with some physical-chemical aspects of the myofilament lattice
and the role of electrostatic forces in normal muscle function.
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