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Tonicity Effects on Intact Single Muscle Fibers: 
Relation Between Force and Cell Volume 

Abstract. Contraction of isolated, intact frog muscle jibers under increasing 
tonicity of the external solution was studied by adding ( i )  effectively impermeant 
sodium chloride and sucrose and (ii) permeant potassium chloride. Force of 
isometric contraction decreased as a function of tonicity, independent of the 
permeability of the solute. In contrast, cell volume changed with tonicity in 
impermeant solutes and was constant with potassium chloride. The results are 
evidence that ionic strength in the sarcoplasm directly injuences the contraction 
mechanism. Also, thejindings show that force development is unaffected by changes 
in jiber volume, suggesting that the force per cross-bridge is constant at different 
distances between the thin and thick myojilaments. Finally, in light of the length- 
force relation, the results support the idea that cross-bridges are independent force 
generators. 

Muscle force is generated in the cross- 
bridges that form between the thin and 
thick myofilaments during contraction. 
According to the current sliding filament 
models of muscular contraction, the 
cross-bridges act independently of each 
other. The length-force relation found 
for frog muscle fibers was important in 
establishing this conclusion because 
force levels closely corresponded to the 
filament overlap in the cross-bridge re- 
gion at sarcomere lengths between 2.0 
and 3.5 pm (1). However, the lattice 
volume of the intact muscle is constant 
with change in length; therefore the lat- 
eral (radial) distance between thin and 
thick filaments decreases with increasing 
sarcomere length (2, 3). These observa- 
tions indicate that the contraction mech- 
anism is sensitive to  radial separation 
and that this is a factor in the length- 
force relation (I). The explanation of this 
relation assumes that the decrease in 
radial spacing has no effect on force. 
Several attempts have been made to test 
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der both conditions. The results provide 
direct evidence that force development 
in frog muscle is independent of changes 
in fiber volume and presumably, there- 
fore, of changes in radial separation be- 
tween the myofilaments. 

Single intact fibers were isolated from 
the semitendinosus muscle in the frogs 
Rana pipiens pipiens and Rana tempo- 
raria (11). Resting sarcomere length was 
2.2 to 2.3 pm (12, 13). Each fiber was 
activated by a rapid temperature step in 
the presence of caffeine (14), achieved 
by transfer of the fiber from a chamber 
at 25°C to a chamber at  O°C. The transfer 
was usually made within 2 seconds (15), 
and the temperature step was practically 
instantaneous. This technique produced 
fiber activation in all solutions, including 
KC1, in which muscle fibers are depolar- 
ized and therefore electrically inexcita- 
ble. 

Figure 1A shows two activation-relax- 
ation cycles of one fiber in two solutions. 
The fiber, which was relaxed at  25'C, 
contracted quickly at O°C, the force 
reaching a stable plateau. The force re- 
sponse in a solution with a tonicity (T, 
the total molarity of all solutes) of 1.0 
(left-hand trace) is compared with a 
typical record obtained in a hypertonic 
solution (1.8 T with KC1) (right-hand 
trace). The response is nearly the same 
in each case except that the force level is 
lower in the hypertonic solution. Similar 
responses were also seen with NaCl and 
sucrose. It generally was possible to 
record 15 to 20 isometric contraction 
cycles in a fiber with a change from the 
original force level of less than 10 per- 
cent and no significant alteration in the 

this assumption indirectly (4-6). In more laser diffraction pattern. In hypotonic 
direct tests on demembranated frog mus- solutions the force plateau was less sta- 
cle fibers, fiber width and the radial ble. In the presence of high calcium, the 
separation between the filaments were force plateau for fibers from R,  tempo- 
found to decrease in the presence of raria was somewhat more stable than 
polyvinylpyrrolidone (3, and these ef- that for fibers from R. pipiem pipiens. 
fects were accompanied by changes in The force response with NaCl and 
force and fiber stiffness (8). These results sucrose is shown in Fig. 1B. Tension 
undermine the assumption that the de- measurements were made at  the plateau 
crease in radial spacing has no effect on region of the force response in normal 
force. and hypertonic solutions and at  the re- 

In an effort to clarify this issue, we sponse peak in hypotonic solutions. 
Investigated the influence of raising the There is a linear decrease in force with 
tonicity of the external bathing medium increasing tonicity in the range 0.6 to  1.8 
on force development in isolated frog T .  The average force at 0.6 T is about 1.3 
muscle fibers with the following strategy times greater than that a t  1.0 T ,  and at  
(9). We applied the principles of Boyle 1.4 T the relative force is 0.75. These 
and Conway (10) to  manipulate cell vol- results agree with the corresponding 
ume and ionic strength by adding (i) mean values for tetanic force levels ob- 
effectively impermeant NaCl and su- tained with electrical stimulation in sin- 
crose, which change the volume and the gle fibers up to 1.4 T (16). Also, the 
concentrations of intracellular solutes, results extend the effect of tonicity (with 
and (ii) permeant KC1, which changes sucrose) to 1.8 T ;  the relative force in 
only the ionic concentrations in the cell. this case is 0.45. 
The fiber was maximally contracted un- Figure 1C shows the force response 
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with KC1. As with NaCl and sucrose, the and impermeant solutes. Force de- 
force decreases with increasing tonicity, creases by a factor of 6 or more over the 
The effect was the same up to 2 . 2  T.  entire tonicity range. The results show 

Figure 1D combines the results shown that the effect of tonicity (from 0.6 to 2.2 
in B and C of Fig. 1. The same linear T) on force is independent of solute 
relation describes the data for permeant permeability. Also, because the same 

Table 1. Summary of the effects of tonicity on relative force, relative volume, and radial 
separation. Numbers in parentheses indicate the number of determinations; other values for 
volume and force are means 2 standard errors. 

Measure - 

Impermeant solute 
(NaCI or sucrose) Permeant solute (KCI) 

Relative force* 0.75 2 0.01 (12) 0.45 1- 0.01 (7) 0.73 2 0.03 (5) 0.46 2 0.04 (5) 
Estimated relative 0.74 2 00.1 (25) 0.49 2 00.1 (5) 1.00 + 0.01 (5) 1.00 2 0.01 (5) 

volumet 
Estimated radial 9.6 6.1 to 8.05 13.2 13.2 

separation* (nm) 
-- 

*Ratio of the measurement in a solution of given tonicity to that in standard Ringer solution (1.0 
TI. Wince the resting sarcomere length was fixed at 2.2 to 2.3 p n ,  the relative fiber volume in a solution 
was calculated as the square of the relative width. $The surface-to-surface radial separation between thin 
and thick filaments is taken as 13.2 nm at the resting sarcomere length of 2.2 (*m and at 1.0 T. This spacing can 
be derived from equatorial patterns in the x-ray diffractions and by taking 14 nm and 7 nm as thicknesses for 
the thick and thin filaments, respectively. It was assumed that a relative change in fiber width squared 
corresponds to a similar change in the lattice volume for a circular cross section. $The lower limit (6.1 
nm) is estimated from the data in this report on single fibers; the upper limit (8 nm) is from x-ray diffraction 
data on the whole muscle. 

relation between tonicity and force ap- 
plies throughout, the factors underlying 
the tonicity effect are probably the same 
in the hypertonic and hypotonic ranges. 

The relation between fiber width and 
tonicity is shown in Fig. 2 .  With imper- 
meant NaCl (or sucrose), fiber width 
decreases progressively with increasing 
tonicity in the range 0.6 to 1.8 T .  In 
experiments in which KC1 was used to 
change the tonicity, fiber width remained 
constant up to 2.2 T. Since sarcomere 
length was fixed at  2 . 2  pm, these results 
reflect the influence of tonicity on cell 
volume. Cell volume as a function of 
estimated inverse osmolality is plotted in 
the inset in Fig. 2 .  The data points for 
impermeant solutes could be fitted with 
two lines, suggesting that separate van't 
Hoff relations apply in the hypotonic and 
hypertonic solutions (sloping solid lines 
in the inset in Fig. 2) (13, 17). These 
results show that cell volume decreases 
with Increasing external NaCl or  sucrose 
and that volume is constant wlth perme- 

0.4 L 
67 115 164 (mM1 NaCl 

0 100 200 

Relatlve tonicity 1.0 T+(mM) KC1 

Fig. 1. Effects of tonicity on force development in frog muscle fibers. (A) Activation of a single fiber by a temperature step in the presence of 1 
mM caffeine in solutions at 1.0 or 1.8 T. After equilibration at 2S°C, the fiber (which is attached at one end to an Akers AE 801 force transducer 
and at the other to a hook) is (a) removed from the solution, (b )  immersed in the solution at O0C, (c) removed from the 0°C chamber, and (4 re- 
turned to the 25°C chamber. The force level at 1.8 T is 0.43 times that at 1.0 T. The vertical marker is 0.5 mN and the horizontal marker is 5 sec- 
onds. Mean force level (Pi )  at 1.0 T for all the fibers used in this study was 202 2 10 kN/m2 (range, 152 to 302) for Rana pipiens pipiens and 
231 2 15 kN/m2 (range, 168 to 31 1) for Rana temporaria. Fiber diameter ranged from 54 to 98 pm in R ,  pipiens pipiens and from 57 to 184 km in 
R ,  temporaria; fiber length between tendons ranged from 9.51 to 16.33 mm. (B) Effect on force development of varying the concentration of NaCl 
or adding sucrose. Experimental solutions with a tonicity of 1.0 contained 10 mM CaCl,, 100 mM NaCI, 2.5 mM KC1, and 10 mM imidazole or 1.8 
mM CaCl,, 115 mM NaCI, 2.5 mM KCI, and 3.4 mM phosphate buffer. The pH was 7.00 2 0.01 at room temperature. (C) Effect of adding KC1 on 
force development. (D) Combined data from (B) and (C). In (B), (C), and (D), P ,  is maximum tetanic force at 1.0 T and PT is force in the test solu- 
tion. The solid lines are least-squares fits to the points. Numbers in parentheses indicate the number of single fibers tested in each case. A total of 
37 fibers from the two frog species was used. The dashed line is the ionic strength-relative force relation from an earlier study (20). Symbols: (0) 
NaCl solution, (A) sucrose, (e) KCI, and (0) control. 
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ant KC1 (10, 18). Thus, whereas the 
effects of increasing tonicity on contrac- 
tion force are independent of solute per- 
meability, the effects on fiber width, and 
therefore fiber volume, are dependent on 
solute permeability (Table 1). Therefore 
the force mechanism in the intact fiber at 
constant sarcomere length is indepen- 
dent of cell volume. 

A given variation in tonicity produces 
roughly the same change in intracellular 
ionic strength (19), which might explain 
the observed effect of tonicity on force. 
This is seen by comparing the present 
results for intact fibers (solid line in Fig. 
ID) with the relation between maximal 
calcium-activated force and ionic 
strength for demembranated fibers at 0" 
to 6'C over an equivalent tonicity range 
(0.6 to 1.4 T) (dashed line in Fig. ID) 
(20). The relation between tonicity and 
relative force is nearly the same for the 
two preparations. These results suggest 
that the effect of tonicity on force devel- 
opment in intact muscle fibers is pro- 
duced by the associated changes in ionic 
concentrations in the cell. This is addi- 
tional evidence (21) that the cross-bridge 
force-generating mechanism in frog mus- 
cle is sensitive to ionic strength. 

The estimates of fiber volume with 
sucrose and NaCl at a sarcomere length 
of 2.2 pm are similar to previous esti- 
mates from the lattice dimensions in x- 
ray diffraction studies of toad and frog 
whole muscles (22), suggesting that the 
gross changes in volume are distributed 
uniformly throughout the cell (compare 
the sloping solid and dashed lines with 
the dotted line in the inset in Fig. 2). 
Therefore, the present findings for cell 
volume may be used to compute radial 
separation distances between the thin 
and thick filaments at the various tonici- 
ties. Interfilament separation at 1.0 T has 
been estimated from combined x-ray dif- 
fraction and electron microscopic mea- 
surements as being about 13.2 nm (Table 
1) (3). Separation distances in imper- 
meant solutes at  1.4 and 1.8 T are esti- 
mated at 9.6 and 6.1 to  8 nm, respective- 
ly, and at 13.2 nm in permeant KC1 at 1.4 
and 1.8 T (Table 1). On the basis of these 
estimates, the conclusion that force de- 
velopment is independent of cell volume 
can be extended to suggest that the de- 
crease in interfilament separation from 
13.2 to -6 nm has no influence on the 
force-generating mechanism in frog mus- 
cle. The results with the hypotonic solu- 
tion indicate that the force mechanism is 
also insensitive to increases in interfila- 
ment separation up to 17.9 nm. These 
findings contrast with results obtained 
by the use of polyvinylpyrrolidone or 
other macromolecules on demembranat- 
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NaCl or sucrose \i\ (5) 4 

I Inverse osmolality 
0.6 L I 

0.8 1 .O 1.4 1.8 2.2 

Relative tonlclty 

Fig. 2. Effects of tonicity on fiber width. A total of 44 fibers from the two frog species was 
used; Dl is mean fiber width at 1.0 T, DT is mean fiber width at test tonicity, and V ,  and V ,  are 
the respective estimated volumes (assuming a circular cross section). Width was measured with 
a light microscope ( ~ 8 0 )  by ob~erving the fiber from above at five locations along its length. In 
three experiments, additional observations were made at 1.0 and 1.4 T (with sucrose) at a 90" 
angle from the top. The effects of tonicity were similar in the two planes. The inset shows fiber 
volume as a function of inverse osmolality. The estimated osmolality of solution at 1.0 T was 
0.233 osmole per kilogram. Solid lines in the inset are least-squares fits to the data; dashed lines 
are those from Blinks (13) in the appropriate tonicity range. The dotted line is from x-ray 
diffraction measurements on whole muscles. Note that the gross volume shifts nearly parallel 
those occurring in the myofilament lattice. 

ed fibers (8, 24). Such agents, however, 
may have nonspecific influences (as, for 
example, on ionic strength or  viscosity in 
the lattice) (23) besides their presumed 
osmotic effect. 

Since the effect of tonicity on force 
can be explained almost entirely by the 
expected changes in intracellular ionic 
concentrations, these findings show that 
the force per cross-bridge at a given 
tonicity is constant over wide changes in 
separation distances between the thin 
and thick myofilament3. At all radial 
distances, the major force component of 
a cross-bridge probably is parallel to  the 
longitudinal axis of the sarcomere. In 
conjunction with the known length-force 
relation, these findings strongly support 
the idea that cross-bridges act as inde- 
pendent force generators. 

A common feature of contraction 
mechanisms (3, 25) is that the attached 
cross-bridges rotate from 90" to 45" angu- 
lar orientation (26) during the turnover 
cycle. Therefore, considering the size of 
myosin subfragment 1 (length, 12 to  19 
nm; width, 4 to  6 nm) (273, the finding 
that force per cross-bridge is unaffected 
by the decrease in radial spacing down to 
-6 nm (Table 1) is highly significant. It 
could suggest that the rotational or azi- 
muthal movement of subfragment 1 is 
blocked under the isometric conditions. 
Another possibility is that rotation of the 

cross-bridges is only a secondary step in 
the process of force development. A 
different possibility that might affect the 
steric hindrance during rotation is a pro- 
gressive decrease in thickness of the 
myofilaments with lattice shrinkage in 
hypertonic solutions. Previous studies of 
fibers in the state of rigor suggested that 
the cross-bridge orientation remained - 
unchanged when force was applied ex- 
ternally (28). The present results seem to 
support this; furthermore, they suggest 
that rotation of a cross-bridge may not be  
an essential step in isometric force devel- 
opment. 

J. GULATI 
A. BABU 

Department of Medicine, 
Division of Cardiology, 
Albert Einstein College of Medicine, 
Bronx, New York 10461 
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~ ~ & , f ~ k m y ' ~ $ l ~ ~  ~ ~ ~ t t , $ - ~ ~ , " ~ t  $ i t G , ~ ~ a i ~ ~ ~  be located in different neurons ofrat  brain. Studies in which lesions were produced 
only two chambers and the temperature of each with 5,7-dihydroxytryptamine and  other studies in which the 5-hydroxytryptamine 
chamber was controlled individually with ther- 
moelectric modules and Cambion bipolar con- content was decreased with p-chlorophenylalanine indicate that some ofthe imipra- 
trollers. mine binding sites a re  on serotonin axon terminals and  others are  on nonserotoner- 

15. In these experiments, the fiber was equilibrated 
in standard Ringel. solution with I mM caffeine gic synapses. The sites that bind mianserin are  on postsynaptic serotonin sites a s  
for 30 minutes at 25°C and then subjected to the well a s  on synapses of other neurona[ systems. 
first temperature step. The fiber was allowed to 
rest for 15 minutes at 25'C before the next 

~ ~ ~ ~ ~ ~ ~ ~ ~ , " ~ ~  ~ ~ ~ , z p ~ : ~  2:;: $c : ,~$  Several clinically active antidepres- pharmacologically in neurons storing a 
Next, the fiber was equilibrated in NaCl or sants, with differing chemical structures, specific neurotransmitter (serotonin) and 
sucrose (with catfeine) for 30 minutes and then 

Two additional activations were made reduce the number of synaptic recogni- compared the binding characteristics of 
in the same solution, with 12- to 15-minute rest tion sites for catecholamines (1-3), sero- imipramine and mianserin before and 
periods at 25°C between activations. The fiber 
was then returned to the control solution. ~f the tonin (4), Or other putative neurotrans- after production of the lesion. We con- 
force at was reversible to within mitters in the rat brain. Because both the firmed that imipramine binding sites are 
5 percent, the experiment was continued; other- 
wise, the fiber was discarded. The mean offorce down-regulation of recognition sites and located in serotonergic Synapses (20, 21) 
levels at 1.0 T was compared with the average the beneficial effects on symptoms of value in the test solution, and the ratio was and demonstrated that there are differ- 
taken as a data point. Reversibility became a depression are apparent only after about ences in the brain location of imipramine 
problem in NaCl above 1.4 T. This was avoided 
w i t h  sucrose, so the data point at ,8 T is shown 2 weeks of treatment with antidepres- and mianserin binding sites. Moreover, 
only with sucrose. As an additional precaution, sants, a relation between these two drug the binding sites of imipramine and mian- 
preequilibration at 1.8 T (25°C) was reduced to 2 
to 3 minutes: after activation the fiber was effects has been proposed (1, 2, 5, 6). serin are not limited to synapses that can 
returned to the solution at  hstead of Some antidepressants block the reuptake be labeled with a specific putative neuro- 
and the cycling was continued as described 
above. There was an appearance of resting of putative neurotransmitters, thereby transmitter as a biochemical marker. 
"contracture" tension, lasting 60 to 80 seconds. 
each t ime the fiber was placed in  sucrose solu- enhancing the content of neurotransmit- Male Sprague-Dawley rats weighing 
tion at 1.8 T and 25°C [J. Lannergren and J .  ters in the synaptic cleft (7-10); this 180 to 220 g (Zivic Miller) were anesthe- 
Noth, J .  Get?. Phy~ io i .  61, 158 (1973)l. Fibrilla- 
tion [T, G ,  Sate, Ant,ot, Zool, J p n ,  27, 157 increase could participate in the down- tized with pentobarbital; lesions were 
(195411 was always observed in sucrose solution regulation of transmitter recognition produced by injecting 5,7-dihydroxy- 
at I .8 T and only occasionally at 1.4 T: the onset 
of fibrillation was associated with the resting sites (3, 11) because it prolongs the occu- tryptamine (5,7-DHT) stereotaxically ei- 
co~tracture tension. The fibers that fibrillated at pancy of neurotransmitter recognition ther in the lateral ventricle or in the 
1.4 T survived less well during further experi- 
mentation. With KC], reversibility may take 2 to sites by endogenous agonists. nucleus raphe medianus (A = 0.6; 
~ t ~ , " p ' ~ e e d [ R ; h ~ i ~ ~ ~ a ~ ~ r d ~ ~ ~ ] d , " d " ~ n ; " y " f f  :,$ Inhibition of transmitter uptake, how- L = 0.0; V = 3.2) (22). Sham-lesioned 
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