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Effects of Elastic Loads on the Contractions of Cat Muscles P. Bawa*, A. M a n n a r d * * , a n d R. B. Stein Department of Physiology, University of Alberta, Edmonton, Canada Received: September 5, 1975



Abstract The nerves to plantaris and soIeus muscles in the cat were stimulated with maximal single shocks and with random stimulus trains which produced partially fused contractions. In order to obtain information on the mechanism of muscular contraction, the effects of allowing the muscles to shorten against various elastic loads were studied in the time domain and in the frequency domain. When springs of increasing stiffness were placed in series with the muscle, the twitch tension increased greatly. The gain of the frequency response curve was also much greater with stiffer springs. The shape of the frequency response curve for plantaris muscle could usually be described by that expected for a second-order system with two real time constants or rate constants. The rate constants changed in qualitatively similar ways in response to increased stiffness of an elastic load, increased muscle length and increased mean rate of nerve stimulation. These results are in agreement with the hypothesis that the linear responses of mascles working against elastic loads are determined by the values of two rate constants. Thus, of the many processes associated with contraction, only two are rate-limiting: one associated with the viscoelastic properties of muscle and the second associated with the reuptake of Ca into the sarcoplasmic reticulum. Non-linear aspects of muscular contraction are also discussed. These are more prominent in soIeus muscle than in plantaris muscle.



Introauct~on T h e p a r t i a l l y fused contractile responses resulting from r a n d o m nerve s t i m u l a t i o n resemble the n a t u r a l activity of muscle m o r e closely than do isolated twitches or fused tetani. W e have. been interested in d e s c r i b i n g the tension fluctuations of muscles u n d e r c o n d i t i o n s of r a n d o m a c t i v a t i o n a n d in d r a w i n g inferences from such a d e s c r i p t i o n a b o u t the u n d e r lying c o n t r a c t i l e m e c h a n i s m . M a n n a r d a n d Stein (1973) showed that, with rand o m stimulation, the p a r t l y fused responses of an i s o m e t r i c muscle of the cat were similar to those of a * Graduate student of the Medical Research Council of Canada. ** Present Address: Department of Physiology, McGill University, Montreal, Quebec, Canada. Formerly a Post-doctoral Fellow of the Muscular Dystrophy Association of Canada.



simple, linear, s e c o n d - o r d e r system; i.e. the relationship between nerve stimuli a n d tension fluctuations, u n d e r v a r i o u s c o n d i t i o n s of m e a n s t i m u l a t i o n rate a n d muscle length, c o n f o r m e d to a . f a m i l y of secondo r d e r frequency response curves. A frequency response curve describes the ability of a system to r e s p o n d to inputs of various frequencies. This curve m e a s u r e s b o t h the gain a n d p h a s e changes we w o u l d expect muscles to c o n t r i b u t e to the cyclic activity found in n a t u r a l m o v e m e n t s such as walking, r u n n i n g a n d tremor. A s e c o n d - o r d e r frequency response curve is c o n v e n i e n t l y d e s c r i b e d by the values of three p a r a m eters. O n e represents the low-frequency gain of the muscle while the other p a r a m e t e r s are, under specified conditions, the time constants or the rate constants of the system (Milsum, 1966). Since n o r m a l l y funct i o n i n g muscles are often free to shorten a p p r e c i a b l y , we e x t e n d e d these e x p e r i m e n t s to muscles which were free to c o n t r a c t against elastic loads. As will be described, the s e c o n d - o r d e r m o d e l still holds for muscles c o n t r a c t i n g a g a i n s t springs with widely different stiffnesses. M o d e l s of force g e n e r a t i o n in muscle generally c o n t a i n a contractile element which has kinetic p r o p e r t i e s t h a t d e t e r m i n e the time course of force generation. This force is then m o d i f i e d by the viscous a n d elastic p r o p e r t i e s of the muscle a n d its loads. O n e m i g h t expect t h a t several variables w o u l d be needed to describe the b e h a v i o u r of such a system, b u t the fact that a s e c o n d - o r d e r m o d e l holds for b o t h i s o m e t r i c a n d elastic l o a d i n g implies that only two variables are rate-limiting. T h e o r e t i c a l studies (Stein a n d W o n g , 1974) were u n d e r t a k e n using a m o d e l for c o n t r a c t i o n b a s e d on the sliding filament t h e o r y (Huxley, 1957) as e x p a n d e d by Julian (1969) to include the kinetics of a c t i v a t i o n m e d i a t e d by Ca ions. These studies suggested t h a t one of the r a t e - l i m i t i n g processes was the r e u p t a k e of Ca by the s a r c o p l a s m i c reticulum. This process d e t e r m i n e d the r e l a x a t i o n phase of an isometric



130 twitch. However, it was not clear whether the second process which d e t e r m i n e d the contractile phase of a twitch involved the rate of m a k i n g a n d b r e a k i n g cross-bridges between actin a n d m y o s i n molecules, or depended on the visco-elastic properties of muscle. Earlier models of muscle (Hill, 1938; H o u k , C o r n e w a n d Stark, 1966) tended to assume that the increase in tension d u r i n g a twitch was m a i n l y limited by visco-elastic properties. However, in isolated single fibres of the frog in which t e n d o n compliance had largely been eliminated, Huxley a n d S i m m o n s (1971) showed that the f o r m a t i o n of cross-bridges limited the rate of rise of an isometric twitch. Other possible rate-limiting steps include the b r e a k i n g of crossbridges (Podolsky et al., 1969), the m o v e m e n t of crossbridges (Weber a n d M u r r a y , 1973) or the b i n d i n g of Ca ions (Ashley a n d Moisescu, 1973). A l t h o u g h studies on the d y n a m i c properties of whole muscles are unlikely to distinguish conclusively between these various possibilities, we felt we could test the viscoelastic hypothesis by varying the l o a d i n g conditions. U n d e r isometric c o n d i t i o n s both plantaris a n d soleus muscles behaved according to the predictions of the second-order model, a l t h o u g h the n a t u r a l frequency of soleus muscle (a m a i n l y slow twitch muscle; H e n n e m a n a n d Olson, 1965) was m u c h lower t h a n for plantaris muscle (a m a i n l y fast twitch muscle; Binkhorst, 1969). F o r plantaris muscle with elastic loads one rate c o n s t a n t increased systematically when increasingly stiff springs were added in series with the muscle. This supports the hypothesis that the visco-elastic properties of the muscle limit the rate of contraction. A q u a n t i t a t i v e model of c o n t r a c t i o n based o n this hypothesis is i n t r o d u c e d in a second paper (Bawa et al., 1976). This model can predict the results of experiments when a muscle contracts, not only against elastic loads, but also against various inertial loads. W h e n elastic loads were applied to soleus muscle, certain properties were observed which w o u l d n o t be expected from a linear, second-order system. These are described qualitatively in the Results a n d are discussed in relation to recent studies of this muscle (Joyce, Rack a n d Westbury, 1969; Burke et al., 1970; Nichols a n d H o u k , 1973).



Methods The experimental arrangements for this and the followingpaper (Bawa et al., 1976)are shown schematicallyin Fig. 1. Random trains of supramaximal stimuli usually at a mean rate of either 5/sec or 10/sec were applied for 1 min to the nerve to either plantaris or soleus muscles (details in Mannard and Stein, 1973). The trains of pulses used were prerecorded on a tape recorder so that the rate
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Fig. 1. Schematic diagram of the system used to apply varying elastic and inertial loads to a muscle. The pulley and flywheels for inertial loading (interrupted lines) were not connected except for experiments described in the followingpaper (Bawa et al., 1975). They were included, when required, by passing the thread from the muscle around the pulley. The thread was knotted and attached tightly at one point on the circumference of the pulley so that no slippage could occur. The fixation point was selected with care so as not to interfere with the conversion of muscle displacement into rotation. The pulley had a sufficiently large diameter (6 cm) that only a fraction of a revolution occured with a maximal contraction could be changed over an eight-foldrange without altering the other statistical properties of the train. The two heads of gastrocnemius were divided and either plantaris or soleus muscle was freed. The Achilles tendon was divided to separate the tendon of the muscle to be studied. A non-compliant thread tied to the tendon was then attached either to (1) a stiff tension transducer (stiffness= 10 kg/mm) isometric loading; (2) an external spring of varying stiffness (8 g/mm to 570 g/mm) elastic loading; (3) an external spring, after being wound around a pulley to which varying inertial loads could be added - inertial loading. Under conditions (2) and (3) the tension transducer was connected to the end of the external spring remote from the tendon. Except when the effect of length was being studied, the muscle was kept at the length which produced the largest twitch tension. The passive tension corresponding to this optimal length was noted and when elastic loads were changed, each spring was stretched to produce the same level of passive tension. Different flywheels, mounted coaxial with the pulley, constituted inertial loads in the range 4-1500 g. After each experiment the viscosity of the system was measured by replacing the muscle with a spring and observing the damped oscillations that resulted from brief displacements of the various inertial loads. The damping of the pulley system was small compared to the probable damping introduced by the normal antagonistic muscles, but the range of elastic and inertial loads probably included most of the physiological range (A.Mannard and R. B. Stein, unpublished observations). Values of tension are given in grams weight in this paper because these are easilycomprehended and are consistent with much of the previous literature. These values can be easily converted to the more widely accepted MKS units of force, Newtons, by dividing by 1000 (to convert grams to kilograms) and multiplying the results by the acceleration of gravity, 9.8 m/sec2. Similarly, the values of stiffness can be easily converted to N/m.



Analysis The methods of spectral analysis used to determine the frequency response of the muscle have been described previously (Mannard and Stein, 1973). These methods have been further
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plantaris



mean square error of the data points from the predicted gain curve was accepted, and the process was repeated until no further reduction in error could be obtained with that percentage of variation. The percentage was then reduced until the best-fitting parameters were obtained to the nearest 1%. This procedure was more accurate and reproducible than the curve-fitting by eye which had been used previously (Mannard and Stein, 1973). Using the values of parameters derived from the gain curve, the predictions for the phase as a function of frequency were examined. The phase is affected by the pure time delays involved in nervous conduction, neuromuscular transmission and excitation-contraction coupling. The best-fitting value of the total time delay could also be calculated so as to minimize the mean square error. Altogether three criteria were available for checking the adequacy of a second-order model: (1) the decline in gain at high frequencies according to the second power of frequency, (2) no phase lags greater than approximately 180 after accounting for the pure time delays, (3) the goodness of fit of the second-order curve. Standard deviations of the points from the fitted curve were typically less than _+10%. Confidence intervals on the parameters characterizing the best-fitting curves are more difficult to calculate, but can be assessed empirically by repeating a given run several times (see Fig. 5). Details of all programs used in the analysis are available on request from Dr. Stein.
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Plantaris Muscle. F i g u r e 2 s h o w s a typical i s o m e t r i c i
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I00msec Fig. 2. Effect on twitch tension of adding springs in series with plantaris and soleus muscles. The values indicated give the stiffness of the springs in g/mm. The superposition was carried out by tracing the twitches from the original photographs



automated (French, 1973). Checks for the stationarity of the mean and standard deviation of the tension fluctuations have been introduced through use of a hot-stylus recorder during the experiment, and a short computer program during the analysis. In addition, a number of twitches were recorded once every 2 sec before and after a period of random stimulation to check for stationarity. If there were marked non-stationarities (systematic changes > 20% in one or more parameters), this period or portion of a period of stimulation was not used in the analysis. Nonstationarity may be a limiting factor in the application of these techniques, but spectral analysis has been applied successfully to cat, amphibian (Wong, 1972) and human muscles (Aaron and Stein, 1976). When the data were stationary and from later analysis appeared t,o be well-fined by the frequency response function of a secondorder system (see Results), a short computer program was used to determine the best-fitting parameters of low frequency gain, natural frequency and damping ratio. Initial values of the parameters were chosen, and each parameter was varied in turn by a preset percentage. The change which produced the greatest reduction in the least



t w i t c h of p l a n t a r i s m u s c l e at its o p t i m a l l e n g t h in r e s p o n s e to s u p r a m a x i m a l s t i m u l a t i o n , t o g e t h e r w i t h the effects of p l a c i n g i n c r e a s i n g l y c o m p l i a n t springs in series w i t h the muscle. N o t e t h a t the t w i t c h t e n s i o n is m a r k e d l y r e d u c e d w h e n m o r e c o m p l i a n t springs are used, a n d the c o n t r a c t i o n t i m e is l e n g t h e n e d s o m e w h a t . S i m i l a r results h a v e b e e n o b s e r v e d for frog s a r t o r i u s m u s c l e (Hill, 1951). H o w e v e r , it is n o t o b v i o u s f r o m Fig. 2 w h e t h e r the r e l a x a t i o n p h a s e of the t w i t c h is s i m i l a r l y affected. T o s t u d y this several t w i t c h e s w e r e a v e r a g e d a n d v a r i o u s p a r a m e t e r s w e r e c a l c u l a t e d f r o m the a v e r a g e twitch. T w i t c h e s w e r e a p p l i e d b e f o r e a n d after e a c h p e r i o d of r a n d o m s t i m u l a t i o n so the effect of r a n d o m s t i m u l a t i o n at 10 s t i m u l i / s e c for 60 sec c o u l d also be d e t e r m i n e d . T h e s e results are s u m m a r i z e d in Fig. 3 for the s a m e m u s c l e as u s e d in Fig. 2. T h e left h a l f of Fig. 3 i n d i c a t e s t h a t the h a l f - r e l a x a t i o n time, as well as the c o n t r a c t i o n time, d e c r e a s e d w h e n i n c r e a s i n g l y stiff s p r i n g s w e r e used. It was m o r e difficult to m e a s u r e c h a n g e s in the final e x p o n e n t i a l d e c a y of the t w i t c h b e l o w the h a l f - r e l a x a t i o n p o i n t (see also J e w e l l a n d W i l k i e , 1960). S m a l l i n c r e a s e s or d e c r e a s e s in the r a t e of this d e c a y w e r e o b s e r v e d in different e x p e r i m e n t s after i n c r e a s i n g the stiffness of e x t e r n a l springs. M u c h m o r e d r a m a t i c t h a n the c h a n g e s in t i m e c o u r s e are the c h a n g e s in t w i t c h t e n s i o n a n d the a r e a
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under the twitch shown on the right side of Fig. 3. The best-fitting straight lines have been computed for the data in each part of Fig. 3 to indicate the trends more clearly. The lines do not necessarily imply that these variables are all linearly related to series stiffness. The expected relations between some of these variables will be considered in the following paper (Bawa et al., 1976). By comparing the data points in Fig. 3 measured before (.) and after (+) a period of random stimulation, we see that a period of random stimulation slightly potentiated the twitch and shortened its time course. These two effects of stimulation cancelled in this experiment so that the area under a twitch (measured in g-sec) was little affected. Soleus Muscle. The time course of the twitch in soleus was much longer than plantaris under isometric conditions and with all elastic loads. We also consistently observed that the twitch contractions of soleus muscle against weak springs increased toward a steady level, and then declined abruptly (Fig. 2). The contraction times were therefore longer with weak springs, as for plantaris, but the half-relaxation times were less. The unusual form of the twitch was presumably due to the formation of stable bonds during the contraction of this slow twitch muscle, the effects of which have been described previously (Joyce et al., 1969; see also the Discussion). Another probable effect of these stable bonds was that during the occasional long pauses in the random stimulation the mean level of tension would drop dramatically and only return to its previous level with a time course of a second or more (see also Burke et al., 1970). These non-linear effects were much more prominent in the slow soleus muscle than in the faster



io'o isometric



Fig. 3. Changes in parameters of twitches in plantaris muscle measured with series springs of different stiffnesses. Same muscle as in Fig. 2. The .'s were values obtained before and the +% were values obtained after a period of r a n d o m stimulation. The straight lines were fitted to all the data except that from isometric trials. Several isometric trials were interposed between the trials using elastic loads and the vertical extent of the symbols for the isometric conditions gives the standard deviation of the values for each parameter



plantaris, so that most of the subsequent linear analysis will deal with plantaris. However, comparisons with soleus will be included at several points in the Results and the Discussion. A final difference between the two muscles was that the twitch tensions in soleus were generally somewhat depressed immediately after a period of random stimulation at a mean rate of 5 or 10/sec, when these periods were separated by a minute or so. Potentiation of the twitch was occasionally observed, particularly when higher, near-tetanic rates of stimulationwere used. Fatigue. Each period of random stimulation contained several hundred stimuli and during a long experiment 10000-20000 stimuli might be applied. Soleus muscle proved more stationary in that it fatigued less during a long experiment than did plantaris, presumably because of the higher percentage of slow twitch, slowly fatiguing fibres in soleus (Henneman and Olson, 1965). The twitch of plantaris muscle inevitably declined with time, and isometric runs were interposed between every few conditions with elastic loads to measure this decay. The vertical extent of the symbols for isometric loading in Fig. 3 gives the standard deviation of four runs over the period of this series. Thus, the vertical extent includes any systematic changes as well as random fluctuations. Long-term changes were minimized by randomizing the order of elastic loads and repeating the first couple of elastic loads at the end of the series. The values for 8 and 66 g/ram in Fig. 3 represent the average of two runs. Results similar to those illustrated in Fig. 3 were observed consistently. They indicate that the interaction of an external elastic element with the internal
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contractile visco-elastic elements of muscle markedly alters the twitch tension and affects the time course of a twitch to some extent. However, these results do not lend themselves easily to a quantitative analysis which could determine if the visco-elastic properties of muscle directly limit the rate of contraction. This is more easily done by analysis in the frequency domain rather than in the time domain.
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The Frequency Response with Elastic Loads Plantaris Muscle. Figure 4 shows the gain curves for the frequency response obtained by spectral analysis of the tension fluctuations using random stimulation and the same elastic loads as in Fig, 2. The gain curves have the same dimensions as the area under a twitch (g-sec/impulse), and in a linear system (Milsum, 1966) the gain at low frequency would be identical to the area under the twitches. Note that the low frequency gain, like the twitch area (Fig. 3) is much greater with stiffer springs. Figure 4 also indicates that the responses decline as the second power of the frequency at high frequencies (a slope of - 2 on these log-log plots). The transitions between the low frequency portions of these curves and the high frequency portions occur at about the same frequency, although the shapes of the curves vary somewhat with different elastic loads. This suggests that the plantaris muscle with various elastic loads behaves like a linear second-order system with about the same natural frequency, but with a damping ratio which may vary with the elastic load. The phase data for the responses as a function of frequency (not shown in Fig. 4) were consistent with the gain data. The coherence functions (a normalized measure of the linearity of the response; Bendat and Piersol, 1966) were uniformly high, typically between 0.6 and 0.9 for all springs over most of the, frequency range shown. A coherence value of 1.0 would indicate a completely linear system. The left-hand side of Fig. 5 shows the best fitting values of gain, natural frequency and damping ratio (see Methods) as a function of elastic stiffness for the same muscle as in Fig. 4 (-) and another plantaris muscle (+). The gain increases steadily with stiffness, while the natural frequency showed no marked change. No consistent trends in natural frequency were observed in ten experiments. The relative constancy of the natural frequency implies that muscles should be able to follow oscillatory signals from the central nervous system of roughly the same bandwidth whether contracting isometrically or under quite light loads.
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Frequency (Hz) Fig. 4. Gain of a plantaris nerve-muscle preparation, measured during r a n d o m stimulation, as a function of frequency under isometric conditions and with various elastic loads. The fitted curves for a second-order linear system were computed as described in the Methods. The values above the curves indicate the stiffnesses of the springs in g/mm. Both ordinate and abscissa are logarithmic scales. Different muscle from that used for Fig. 2 and Fig. 3



The damping ratio followed a U-shaped curve with a minimum at intermediate values of stiffness. This shape was observed in every experiment with plantaris muscle. The minimum value was always close to one (critical damping; Milsum, 1966) although slightly underdamped or overdamped values were obtained in some experiments. The three parameters: low frequency gain (Go), natural frequency (f,) and damping ratio (~) are sufficient to completely describe a linear-order system. When the damping ratio is greater than or equal to one, an equivalent set of parameters is the low frequency gain and two rate constants or time constants (Milsum, 1966). The relation between the two rate constants, rl and r2, and the other parameters is given by r 1, r 2 = 2r~f,(~_+ V[~ 2 - 1]),
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Note that when ~ = 1, r ~ = r 2 . For ~< 1 the response is oscillatory but the envelope of the oscillation will decay exponentially with a rate constant r, where r = 2=f,~.
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Fig. 5. Effect of the stiffness of an elastic load on the gain, natural frequency and damping ratio measured from the frequency response curves for plantaris and soleus muscles. Gain increases steadily with increasing stiffness in both muscles, but the natural frequency and the damping ratio are affected differently. The implications of these results are discussed in the text. The two types of symbols represent data from different experiments with each muscle. The vertical extent of the symbols for isometric conditions with plantaris indicate the S.D. of the values obtained from several runs. Note the different scales for the two muscles



Time constants can also be defined which are the inverse of the rate constants. The larger rate constant (smaller time constant) will determine the rising phase of a twitch while the smaller rate constant will determine the relaxation phase.



Figure 6A shows the values of these rate constants (left ordinate ) or time constants (right ordinate) as a function of the stiffness of the external springs. Data obtained using a wide range of springs is shown and most springs were used more than once. The two rate constants computed from Eq. (1) vary in opposite directions, and in this experiment become equal at a stiffness of 30-40 g/ram. In some other experiments the equality of the rate constants occurred at somewhat higher stiffnesses (50-100 g/mm). As pointed out above, a damping ratio of 1 occurs when both rate constants have the same value. Whenever the rate constants differ the damping ratio will be greater than 1, which explains the U-shaped damping curve seen in Fig. 5. Under several conditions in this experiment the best-fitting damping ratio was slightly less than 1. This occurred because the relaxation phase was relatively



faster than expected for a critically damped second-order system. The rate constants for these conditions were set equal to the value given by Eq. (2).



This finding of two rate constants varying in the opposite directions with increasing stiffness would explain the relative constancy of the natural frequency (which depends on the product of the,,rate constants). Similar changes in the rate constants were observed when the length of the muscle was varied about the length which gave the largest twitch tension (Fig. 6B) or when the mean rate of stimulation was varied (Fig. 6C). Soleus Muscle. Because the twitches of soleus were much longer (see Fig. 2), lower mean rates of stimulation (5 or 7/sec) were used so that the responses remained relatively unfused. The time course of the twitch was shorter at shorter lengths (Rack and Westbury, 1969) so some experiments were carried out at 10 mm below physiological maximum length.



135 Discussion



I00



+ #



lr 30



* +



+



r



+ t



30 9



w



4:



i



~0



1()0



500



isometric



100



Elastic stiffness(glmm)



c



B



IO0



j~F



+ +



3O



X



\o



-



§



+



\



\ \



,,,..



\



\.



-4



0 +4 Length change(ram)



9



\



i



t



20 Slimulus rate{sec-I )



40



Fig. 6A-C. Changing either (A) the stiffnessof springs in serieswith a muscle, (B) the length of the muscle from that which produces the largest twitch, or (C) the mean rate of stimulation affects the two rate constants. Isometric conditions were used for (B) and (C). The computed best-fitting straight lines on the semi-log plots in (B) and (C) have been drawn to indicate the trend of the data. Note that the lines of the two rate constants in (A) appear to cross. The corresponding values of time constants can be determinedfrom the right-hand scale in (A). The data in the three graphs are from differentplantaris muscles



As shown in Fig. 5 the low frequency gain of soleus muscle changed with elastic load in much the same way as for plantaris muscle. However, the damping ratio increased and the natural frequency decreased monotonically with the stiffness of the external springs. A U-shaped curve for the damping ratio was never observed. Note that for very compliant springs the best-fitting values of the damping ratio were near 0.6. With such low values the twitches should have been frankly oscillatory, but they were not. The reason stems from the shapes of the twitches (Fig. 2), which were not of the expected form for a linear secondorder system. The computer program showed that the resultant frequency response curve was best fitted by a curve having a damping ratio less than 1. However, the fit was not as good and the values of coherence (a measure of linearity; Bendat and Piersol, 1966) were somewhat lower for soleus muscle. In other words, the non-linearities in soleus muscle were significant enough that a purely linear analysis begins to break down. The implications of these results will now be discussed.



The magnitude of the response of a muscle, whether measured as gain in the frequency domain or twitch tension in the time domain, increased systematically with the stiffness of its elastic load. This result is expected from the classical force-velocity curve of Hill (1938). Hill's relationship is generally thought to arise from a non-linear viscous property of muscle, although it has been reinterpreted by Huxley (1957), who suggested that at higher contraction velocities, reached with weak springs for example, the fraction of bonds that could be formed and hence the force generated would be less. An additional factor is that a muscle will shorten against weak springs to lengths where it is able to develop rather less tension (Gordon et al., 1966). The shapes of the frequency response curves for plantaris muscle with elastic loads were well fitted by the responses expected for a simple second-order system, and are therefore consistent with there being two rate-limiting processes. The first and smaller rate constant under isometric conditions appears to be equivalent to Hill's rate constant for the decay of the active state (see also Jewell and Wilkie, 1960). This is now thought to involve the rate at which the sarcoplasmic reticulum can take up Ca ions (Julian, 1969; Connolly et al., 1971; Stein and Wong, 1974). Because of its dependence on external series elasticity, the second rate constant is presumably a visco-elastic parameter involving the muscle's apparent viscosity, series elasticity and parallel elasticity. The elasticity of the muscle also appears to depend markedly on the state of the contractile elements (Grillner, 1972). Nonetheless, in any simple mechanical model (see for example Bawa et al., 1976) a visco-elastic rate constant should increase, other things remaining constant, when stiffer springs are added. Therefore, the rate constant which increases with stiffer springs and becomes the larger one under isometric conditions (Fig. 6A) can tentatively be assumed to be viscoelastic in nature. Why the other rate constant, which presumably depends on the active state, should have decreased when stiffer springs were used might seem obscure. One possible explanation is that although the initial length of the muscle was held constant, the muscle was allowed to shorten by greater amounts during its contractions when loaded with weaker springs. The pre-stimulus length of a muscle is known to affect markedly the time course, as well as the magnitude, of its twitch (Rack and Westbury, 1969) and the parameters of its frequency response (Mannard and
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Stein, 1973). The effect of changing muscle length alone is shown in Fig. 6B for comparison with the effect of changing elastic load. Increasing length decreases the value of one time constant sharply while producing a smaller increase in the other time constant. Increasing the length shifts the series elasticity of a muscle to a region of higher stiffness (Joyce and Rack, 1969; Grillner, 1972). Therefore, since a visco-elastic rate constant would be expected to increase with increasing length, the observed decrease in the one rate constant is presumably due to a slowing in the decay rate of the active state. This hypothesis concerning the behaviour of the two rate constants is also consistent with the results obtained by varying the mean rate of stimulation (Fig. 6C). Increasing the rate of stimulation would be expected to load the pump responsible for the reuptake of Ca ions by the sarcoplasmic reticulum. This could slow the decay of the active state and decrease its measured rate constant. On the other hand, increasing the rate of stimulation and the tension produced isometrically would lead to further internal shortening against the muscle's series elasticity. The resulting stretching of the series elasticity would increase its stiffness (Joyce and Rack, 1969), which should increase the other rate constant. Although the data are consistent with one rate constant depending on the muscle's visco-elasticity, they do not completely rule out the other possible rate-limiting steps mentioned in the Introduction. Indeed, the distinction between visco-elastic and contractile elements is now somewhat arbitrary. However, models involving simple contractile and visco-elastic elements have the advantage that predictions can be readily derived and checked experimentally. This is done in the following paper (Bawa et al., 1976). Not only is the behaviour qualitatively consistent with the model, as indicated here, but quantitative predictions are also accurately fulfilled. This provides further evidence that one of the rate constants is visco-elastic in nature. The generality of these conclusions is weakened by the differences observed between soleus and plantaris muscles. With elastic loads weaker than about 100 g/mm, the frequency response curves of soleus muscle were not well-fitted by a second-order model with two real time constants. When a secondorder model was fitted, the damping ratios observed were less than 1, even though the twitches were not oscillatory. Rather, the twitch tension approached a steady level for a short period and then declined rapidly. The attainment of a steady level is consistent with the formation of stable bonds in this slow twitch



muscle (Joyce et al., 1969). When there are no longer a sufficient number of these bonds to maintain the tension, the muscle will begin to relax and be lengthened by the spring. More bonds will then be broken and the tension should fall rapidly, as observed. This "catch property" (Burke et al., 1970) is an essential non-linearity which might warrant a fuller analysis. The method of random stimulation can be used to determine non-linear as well as linear terms in a system (Marmarelis and Naka, 1972; French and Butz, 1973). However, it is not certain whether the much greater amount of computation required for non-linear analysis would add much insight into the nature of these non-linearities or in the functional role of these muscles for posture and movement. Therefore, the later papers in this series (Bawa et al., 1976; Oguzt6reli and Stein, 1976) are restricted to linear models of muscle. This study was supported in part by grants to Dr. Stein from the Medical Research Council of Canada and the Muscular Dystrophy Association of Canada. The authors thank Dr. A. S. French for his continuing development of the computer programs used here and Dr. T. R. Nichols for his assistance in the experiments with soleus muscle and his helpful comments on these manuscripts.
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