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Abstract 

Staircase potentiation is an increase in developed tension PT) during the first seconds 

of low-frequency repetitive muscle stimulation. Evidence suggests that phosphorylation 

of the regulatory light chah (R-LC) of myosin is responsible for this activity-dependent 

twitch potentiation in skeletal muscle. The degree of potentiation depends on the muscle 

length, but the mechanism of this length-dependence is not clear. Two hypotheses were 

testai in this dissertation: (1) length-dependence of rn yosin regulatory ligh t chah (R-LC) 

phosphorylation is responsible for length-dependence of staircase potentiation, and (2) 

mechanisms related to iength-dependence of muscle activation are responsible for the 

length dependence of staircase potentiation. Five independent projects were conducted 

to investigate the length-dependence of staircase potentiation. Two projects were 

completed with small bundles of the extensor digitorum longus @DL) muscle from the 

mouse in vitro, and three projects used the whole gastrocnemius muscle in sim. The 

results con firmed the presence of length-dependence of staircase potentiation , in both 

preparations. Hypothesis (1) was rejected, as R-LC phosphorylation proved to be 

independent of muscle length, despite the length-dependence of force enhancement during 

staircase potentiation. The studies suggest that the mechanisms of length-dependence of 

muscle activation (Hypothesis 2) are related to the mechanisms of length-dependence of 

staircase potentiation. Interactions between Nament spacing and length-dependence of 

ca2+ sensitivity, as a result of changes in muscle length may explain these findings. 
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Chapter 1 
Introduction 

For many years, it has been recognized that muscle length affects force production in 

skeletal muscle. The comprehensive study by Gordon et al. (1966a) showed that, by 

changing the sarcomere length, and consequently the degree filament overlap, force 

production is changed in a related way. Consistent with the original cross-bridge mode1 

of muscle contraction (Huxley, 1957), it was proposeci that changing filament overlap 

alten the number of interactions between myosin cross-bridges and actin active sites. 

Consequently, force decreases as muscle is stretched beyond optimal overlap between the 

filaments. 

The force-length relationship is currently accepted as one the most important feahires 

supporting the sliding filament theory of muscle contraction, and has fundamental 

importance in the study of muscle physiology and muscle mechanics. However, some 

questions regarding the force-length relationship still remain to be investigated. In 

particular, this dissertation concentrates on the length-dependence of staircase potentiation 

in fast twitch skeletal muscle. Staircase potentiation is a progressive enhancement of 

twitch developed tension that occurs during the early phase of repetitive low frequency 

stimulation (Desmedt and Hainaut, 1968; Krarup, 1981a; Krarup, 198 1b; MacIntosh, 

1991). In an abstract presented to the Physiological Society, Walling-de Jonge (1979) 

reported that the magnitude of staircase potentiation in rat extensor digitorum longus 

muscle (EDL) was less at lengths longer than optimal. However, in a subsequent study 

Moore and Persechini (1990) reported that the magnitude of posttetanic potentiation 

(PTP) in mouse EDL was greater at long muscle length. 



Since these two studies do not agree, the fint objective of this dissertation was to 

investigate the relationship between muscle length and activity-dependent staircase 

potentiation in mammalian skeletal muscte. We anticipated that staircase potentiation 

would be inversely related to muscle length, based on the fact that Wallinga-de Jonge 

(1979) reportai this. In keeping with prior observations, we anticipated that PTP would 

be proportional to muscle length. The second objective of this dissertation was to 

investigate possible mechanisms responsible for the lengthdependence of staircase 

poten tiation. Two h ypotheses were tested : (1) length-dependence of m yosin reg ulatory 

Light chah @-LC) phosphorylation is responsible for length-dependence of staircase 

potentiation, and (2) m~hanisms related to lengthdependence of muscle activation are 

responsible for the length dependence of staircase potentiation. 

The first hypothesis, proposed by Moore and Persechini (1990), is based on 

ovenvhelming evidence suggesting that twitch potentiation is related to R-LC 

phosphorylation (Houston et al. 1985; Klug et al. 1982; Manning and Stull, 1979; 

Manning and Stull, 1982; Moore et al. 1985). Moore and Persechini (1990) suggested 

that the difference between their results and the results of Wallhga-de Jonge (1979) could 

be due to differences in the protocol used in the two studies. While they chose to deliver 

the conditioning stimulus always at optimal length, changing the length dunng the 

subsequent twitches, Wallinga-de Ionge (1979) performed a low -frequency stimulation 

at different lengths to obtain the staircase response. Moore and Persechini (1990) 

suggested that the stratepy used by Wallinga-de Jonge (1979) would have different results 

because R-LC phosphorylation may be length-dependent. This would not have been the 

case in their study. Since R-LC phosphorylation is strongly comelated to hHitch 

potentiation, this hypothesis could explain the different results. 

The second hypothesis tested in this dissertation was that the mechanisms of length- 

dependence of muscle activation are related to the mechanisms of length-dependence of 

staircase poten tiation. S tudies have shown that the force-length relationship for hKitch 

contractions has a peak force at a muscle length longer than the optimal degree of 
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filament overlap (Close, 1972a; Rack and Westbury , 1969). Therefore, the apparent 

level of activation during a single stimulus (twitch contraction) is increased with 

increasing muscle lenpth. Also, studies with skhned fibers have show a lehard shifi 

in the f ~ r c e - ~ ~ a ' +  relationship at long muscle lengths (Endo, 1973; Endo, 1972; Martyn 

and Gordon, 1988; Stephenson and Williams, 1982), similar to what happens with R-LC 

phosphorylation. Therefore the twitch is already potentiated at a long length when 

compared to a short length. Further increases in potentiation due to repeeitive stimulation 

are likely to be less than when the muscle is at a short length. 

This dissertation is oganized in the following way. A review of literature will be 

presented, with information concerning staircase potentiation in skeletal muscle, and also 

the force-length relationship for maximally and sub-maximally activated muscles. 

FoLlowing this review, the dissertation is composed of five sequential projects, that were 

designed to test the stated hypotheses. 

The first two projects (chapters 3 and 4) descnbc the force-sarcomere length relationship 

for mamrnalian skeletal muscle, since few studies have concentrated on this issue. 

Specifidy, it was the purpose of these two projects to investigate the relationship 

between sarcomere length and twitch potentiation. For this purpose, an in vitro 

preparation was used with small fiber bundles of the extensor digitorum longus muscle 

from the mouse. This preparation was sirnilar to that descnbed by ter Keurs et al. 

(1984), and allowed measurement of sarcomere length. The results confumed the length 

dependence of acbvity-dependent potentiation. An inverse relationship was found 

between sarcomere length and twitch potentiation for both staircase and PTP. 

The next three projects focussed on the second purpose of this dissertation; to investigate 

possible mechanisms of the length-dependence of staircase potentiation. The fïrst project 

focussed on hypothesis (1) stated above, studying the possible role of R-LC 

phosphorylation in this relationship. The second and third projects were designed to test 

hypothesis (2), that mechanisms related to length-dependence of ca2+ activation are 



responsible for the length-dependence of staircase potentiation. These three studies were 

performed with an in sim experimental preparation, where the whole gastromemius 

muscle length was changed during experiments, when needed. This preparation has been 

used extensively (Macintosh, 199 1 ; MacIntosh and Kupsh, 1987; Tubman et al. 19960; 

Tubman et al. 1996a; Roszek et al. 1994; MacIntosh and Gardiner, 1987) to investigate 

twitch potentiation in skeletal muscle. 



Chapter 2 
Review of Literature 

When skeletal muscle is activated with a single pulse of stimulation, it produces a twitch 

contraction. The twitcn is the most elementary event of muscle contraction, and it has 

received great attention in the literature as it can be modulated by many factors, such as 

temperature (Krarup, 198 1 c; Moore et al. l99O), muscle length (Close, 1972a; Rack and 

Westbury , l969), and previous activity (Close and Hoh, 1968a; Kranip, 198 Ib), among 

others. Previous activity refers to muscle activation before the twitch contraction is 

elicited, that may either decrease the contraction force (fatigue), or enhance the 

contraction force (twitch potentiation). As this dissertation is concemed with twitch 

potentiation, this will be the focus of this section of the review of fiteranire. 

Twitch potentiation may be described as staircase potentiation or posttetanic potentiation 

(PTP). Staircase potentiation is the increase in DT that occurs during the first seconds 

of low-fiequency stimulation (usually 5-20 Hz) (Close and Hoh, 1968a; MacIntosh, 1991; 

MacIntosh and Kupsh, 1987). PTP is the force enhancement during a twitch contraction 

elicited following a tetanic contraction (Close and Hoh, 1968a; Krarup, 198 1c; Kramp, 

198 1 b; MacIntosh and Gardiner, 1987). In both mes ,  the DT is greater during a twitch 

elicited after a conditioning stimulus when comparai to the twitch prior to the 

conditioning stimulation. 

It has been recognized that staircase twitch potentiation occurs without a signifiant 
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increase in the contraction time (MacIntosh and Kupsh, 1987; MacIntosh, 199 1). This 

suggests that the enhancement in force during repetitive muscle stimulation is not due to 

a prolongation of muscle activation processes, since this would be associated with an 

increased contraction time (Desmedt and Hainaut, 1968). Instead, staircase potentiation 

is accomplished with an increased rate of force development during twitches, implying 

that dunng twitch potentiation there is a greater intensity of activation of the muscle. 

Twitch potentiation and R-LC phosphorylation. Although the mechanisms responsible 

for activity-dependent twitch potentiation are still under investigation, there is 

ovenvhelming evidence that phosphorylation of the myosin R-LC is the main mechanism 

by which twitch potentiation is attained. R-LC phosphorylation is a ca2+ dependent 

process, where the caZi-binding protein calmodulin is responsible for activating the 

enzyme myosin light chain kinase (MLCK). Light chah specific phosphatase is 

responsible for dephosphorylation of R-LC. The balance between the activities of these 

enzymes wiü determine the extent of R-LC phosphorylation. The maximal rate of 

phosphorylation of the R-LC is more than twenty times faster than the rate of R-LC 

dephosphorylation (Moore and Stull, 1984). 

At rest, the calmodulin-ca2+ binding domain of MLCK is in a position of partially 

blocking the binding of R-LC to the active site of the MLCK (Kennely et al. 1990; 

Kennelly et al. 1990). Each transient increase in intracellular ca2+ concentration during 

muscle activation lads to the formation of ca2+-calmodulin complex. This complex 

binds to the MLCK, converting the enzyme to an active form (Shill et al. 1985; Sweeney 

et al. 1993). The active form of the enzyme phosphorylates a specific residue in the 

amino-terminal portion of the R-LC [serine-15 in R-LC from the rabbit fast-twitch 

muscle (Sweeney et al. 1993)], putting negative charges in that region. D u ~ g  muscle 

relaxation, dissociation of the Ca2+-calmodulin complexes causes inactivation of the 

MLCK (Stull et al. 1990). The low activity of myosin Light chah phosphatase results 

in a slow rate of dephosphorylation of R-LC (Moore and Stull, 1984). 



Studies with skinned fiber prepacittions have shown that, at submaximat levels of Ca'+, 
the force is potentiated when mlmoduLin and MLCK are added to the bath solution, and 

the myosin R-LC are phosphorylated (Persechini et al. 1985; Persechini and Stuil, 1984; 

Sweeney and S tull, 1986). The f ~ r c e - ~ ~ a + '  relationship presents a leftward shift when 

the R-LC are phosphorylated, indicating an increased Ca2+ sensitivity of force 

generation. Consequently , at a given submaximal ca2+ concentration, there is a greater 

force development when there is a net increase in phosphate content of the R-LC. When 

fibers are maxirnally activated with caZi, force is not affected by R-LC phosphorylation 

(Persechini et al. 1985). 

Studies with intact muscle fibers have also show that R-LC phosphorylation is associated 

with twitch potentiation (Houston et al. 1985; Klug et al. 1982; Manning and Stull, 1979; 

Manning and Stull, 1982; Moore et al. 1985). Basically, these studies have shown a 

strong correlation between the extent of R-LC phosphorylation and the degree of twitch 

potentiation. Furthermore, it has b e n  observai that, under conditions in which twitch 

potentiation is absent (Tubman et al. 1996b) or diminished (Tubman et al. 1997), the R- 

LC phosphorylation is also absent or diminished. 

Based on the mechanisms descnbed previously, it is not difficult to undentand that R-LC 

phosphorylation may be the responsible for twitch potentiation in intact muscles. During 

a tetanic contraction, as a result of very fast activation of MLCK (Manning and StuU, 

1979), the levels of R-LC phosphorylation increase rapidly. At the end of the tetanus, 

although ca2+ concentration decreases rapidl y to initial levels, R-LC phosphory lation 

decreases slowly (Manning and Stull, 1979; Manning and Stull, l982), due to the low 

activity of myosin light chah phosphatase. Therefore a twitch elicited just after the 

tetanus will be potentiated when compared to the pre-tetanic twitch. This is known as 

posttetanic potentiation (PTP). The situation d u ~ g  staircase potentiation may be sirnilar. 

During one single twitch contraction, a ca2+ transient iikely activaies just a small portion 

of the MLCK. As low frequency muscle stimulation persists, additional fractions of 

MLCK would be activated, resulting in a net increase in R-LC phosphorylation during 



repeated muscle stimulation. This would in turn potentiate force of contraction during 

the period of repetitive stimulation. 

The studies cited above show a strong association between R-LC phosphorylation and 

twitch potentiation. The acnial rnechanism by which R-LC phosphorylation increases 

ca2+ sensitivity and potentiates a hiritch contraction ha been proposed. Studies with 

skinned fiber prepantions and with x-ray diffraction support a mode1 to explain twitch 

potentiation by R-LC phosphorylation which will be describeci below. 

iMechanism of R-LC phosphorylation-induced potentiation. The possible explanation 

for the effects of R-LC phosphorylation on twitch potentiation is that an increase in ca2+ 

sensitivity is associated with a greater probability of cross-bridges entenng the force- 

generating state (Metzger and Moss, 1992; Sweeney and Stull, 1990). In one of these 

studies, Sweeney and Stull(1990) measured force, stiffness, rate of force redevelopment 

and ATPase activity in skinned fibres from the rabbit psoas. These measurements were 

done before and after R-LC phosphorylation (induced by addition of MLCK to a bath 

solution). Sweeney and Stull(1990) observed that the force generation, either before or 

after R-LC phosphorylation, was always directly proportional to stiffness and ATPase 

activity. Therefore, increased force generation was accomplished with an increased 

nurnber of cross-bridges binding to actin but without an increase in the time for which 

each cross-bridge was interacting with actin. Furthemore, they observed that R-LC 

phosphorylation increased force generation and rate of force redevelopment. 

Using a WO-state cross-bridge cycle mode1 as proposed by Brenner (1988), they 

conciuded that, while the rate at which cross-bridges enter the force-generating state is 

increased by R-LC phosphorylation, the opposite (from force-generating to non-force 

generating state transition) is not affected. This conclusion is based on the assumption 

that the number of cross-bridges in the strong-binding state is dependent on the two rate 

constants (rate of transition into and out of the strong-binding state). An increase in the 

rate at which cross-bridges enter the strong-binding state (force-generating state) is 



consistent with their observations. Based on these results, Sweeney et al. (1993) 

proposed a mechanism by which the myosin cross-bridge is moved away from the myosin 

backbone fdamen t, increasing the probability of rn yosin-actin interaction. 

In accepting the mode1 proposed by Sweeney et al. (1993), the mechanism that induces 

the myosin cross-bridge moving away from the myosin backbone may be explained by 

a greater mobility of the cross-bridges when phosphorylated [ s e  also Levine et al. 

(1996)l. The phosphorylatable region (serine-15) of the R-LC is situated adjacent to 

positively charged residues in the N-terminal region (Saraswat and Lowey, 199 1). These 

positively charged residues likely form ionic interactions with negatively charged regions 

on the underlying myosin rod in the fùament backbone. These interactions may stabilize 

the myosin cross-bridges close to the filament backbone. When phosphorylation occun, 

this overall positive charge of the R-LC N-terminus is neutralized, releasing the myosin 

cross-bridges from their alignment with the filament backbone (Sweeney et al. 1994). 

In this way the myosin cross-bridges would be more free to interact with actin and enter 

the force generating state. 

This mode1 of the release of the cross-bridges, as explained in the previous paragraph, 

has received support from studies with x-ray diffraction in skeletal (Levine et al. 1996) 

and limulus (Levine et al. 199 1) muscles. Using rabbit skeletal muscles, Levine et al. 

(1996) have demonstrated that the cross-bridges become disordered when the R-LC are 

phosphorylated. This disorder represents a disturbance in the orientation of myosin 

heads. In this case, each myosin cross-bridge associated with R-LC phosphorylation can 

spend more time in the vicinity of the myosin-binding sites on the actin filaments, 

increasing the probability of cross-bridge attachment. It is important to note that these 

experiments werc performed at room temperature (23-25OC), and it has been suggested 

that the cross-bridges are wrapped around the marnent backbone at this temperature in 

non-phosphorylated conditions (Malinchik and Yu, 1997). 

Evidence for these mechanisms in intact muscles is still lacking, but these models are 
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consistent with the results found with skinned fiber preparations, and with the high 

correlation between R-LC phosphorylation and twitch potentiation in intact muscles. 

Length-dependence of twitch potentiation. The degree of twitch potentiation is 

affectai by muscle length in skeletal muscle. The few studies that have investigated the 

length-dependence of potentiation show contmdictory results. At a conference of the 

Physiological Society, Wallinga-de Jonge (1979) presented observations demonstrating 

the length-dependence of stairwe potentiation in the EDL muscle from the mouse. 

These results are consistent with the study by Roszek et al. (1994), who observeci that 

when the rat gastrocnemius muscle was stimulated at 15 and 30 Hz, the degree of 

potentiation was higher at short muscle lengths than at long lengths. 

Similady, Lopez et al. (1981) have shown that when single fibers from the frog are 

exposed to poten tiating agents (caffeine, zn2+, NO3* and tetraethylammonium ions), the 

degree of force enhancement is length dependent. These authors (Lopez et al. 1981) 

found a greater chemicai potentiation at short muscle lengths when compared to longer 

lengths, consistent with the studies with mammalian skeletai muscle cited above 

Wlinga-de Jonge, 1979; Roszek et al. 1994). 

Different resul ts were reported b y Moore and Persechini (1990) when investigating PTP. 

They obsenred a greater degree of PTP at lengths longer than optimal, opposite to the 

results reported in the other studies (Wdiinga-de Jonge, 1979; Roszek et al. 1994). As 

stated in the introduction of this dissertation, they suggested that this difference could be 

a result of length-dependence of R-LC phosphorylation. The different results obtained 

in the studies described above are conspicuous and deserve further investigation. The 

nature of length-dependence of staircase may give important insights into additional 

mechanisms responsible for twitch poten tiation . 

Since the length-dependence of potentiation is the main subject of this dissertation, it is 

important to descnbe how muscle length affects force production in skeletal muscle. 



Furthemore, the force-length relationship is a findamental property of the sliding 

filament theory of muscle contraction, and will be described next in thïs review. 

THE FORCE-LENGTH RELATION IN SKELETAL MUSCLE 

Single fiber experiments 

It is generaliy agreed that the shape of the force-length relation for isometric contractions 

includes an ascending limb, a plateau, and a descending Lirnb. This general shape has 

been reporred numerous times, in single cell as well as multicell preparations. and intact 

muscles. The mechanism responsible for this shape of the force-length reiation has been 

attributed to the sliding filament theory of muscle contraction. On the plateau of this 

relationship, force is maximal because there is optimal overlap of filaments and therefore 

the highest number of cross-bridges cm interact. At lengths shorter than optimal length, 

force decreases, and this has been explained by probable interference of thin fdaments 

as these Naments now overlap from opposite ends of the sarcomere. When sarcomere 

length is increased beyond the optimal length, filament overlap decreases, and this 

decreases the opportunity for cross-bridge interaction resulting in less developed tension. 

Theoretical predictions based on the sliding fdament theory. and assuming the cross- 

bridges behave as independent force generators, clearly indicate that there should be a 

hear decrease in force from some maximal value, as observecf by Rarnsey and Street 

(1940). Also, the linear decrease should begin at the sarcomere length corresponding to 

the longest length which pennits maximal overlap of the thick and thin Naments, and 

should reach zero developed force at a sarcornere length corresponding with the sum of 

the lengths of the filaments (myosin marnent plus 2 actin filaments, resulting in no 

overlap of filaments). Predictions concerning the ascending limb are less clear, and for 

the most part this aspect of the force-length relation is ignored. One of the problems 

associated with study of the ascending limb is that a muscle at lengths less than optimal 

is often 'slack", and in short duration contractions, some of the time of the contraction 

is required for just taking up the slack. This makes interpretation of such contractions 



There are two general approaches which have b e n  used in studying the force-length 

properties of muscle, and only one of these provides direct evidence in support of the 

predictions descnbed above. The two approaches include fixed end contractions, and 

sarcornere or segment length controlled contractions. The observations related to these 

two approaches are given below. Although fixed end contractions do not provide direct 

evidence in support of the slidhg filament theory, the results can be explaineci within the 

sliding filament frarnework. 

Studies using length or segment control. Gordon et al. (1966a) used a spot following 

device to provide feedback for servo-control of the length of a segment of a single frog 

skeletal muscle fiber. This device maintained a constant average sarcomere length in a 

smdl mid-section of a fiber during contractions. They observed a plateau in developed 

tension within the sarcomere length range from 2.0 pm to 2.2 pm. Beyond the plateau, 

as the arnount of filament overlap was decreased by increasing sarcomere length, tetanic 

developed tension decreased in a Linear fashion, reaching zero developed tension at a 

sarcomere length of 3.6 Pm, which corresponds with the sarcomere length at which 

filament overlap would cease. This study offered solid support for the sliding filament 

theory of muscle contraction. It should be pointed out that in addition to the feedback 

control of sarcomere length, these authors also used a back extrapolation technique to 

obtain the apparent developed tension after the initial (fast) rise in tension of a tetanic 

contraction. This approach avoided the need to interpret the slow increase in tension 

(creep) which has been attributed to a redistribution of sarcomere length (see below). 

Edman and Reggiani (1987) used the segment isometric contraction technique, but rather 

than a strictly linear decrease in developed tension, they observe- a sigrnoidal decline in 

developed tension dong the descending limb of the force-length relation. They suggest 

that such an observation is consistent with a small distribution of sarcomere lengths 

within the controlled length segment. This distribution would be expected to diminish 



the magnitude (width) of the plateau region of the force-length relation, and aiso permit 

some force development at sarcomere lengths apparently beyond the point when werlap 

of filaments would cease. These two deviations from the anticipated Linear decline in 

developed tension give the descending iimb of the length tension relation a sigmoidal 

shape. 

Although there are minor discrepancies between studies which have us& segment length 

control in the investigation of the force-iength properties of muscle, in general the 

agreement is quite good. indicating support for the sliding filament theory of muscle 

contraction (Granzier and Pollack, 1990; Edman and Reggiani, 1987). It should be 

pointed out however, that it has been suggested that other theories of muscle contraction 

can be devised, which c m  be supported by these observations (Granzier and Pollack, 

1990). 

Studies using fied-end contractions. In contrat to the results described above, studies 

using futed-end contractions (no length feedback and servo-control) have reporteci levels 

of force that are considerably greater at a given average sarcomere length than the 

corresponding forces measured with clamped segment or sarcomere length (Granzier and 

Pollack. 1990; ter Keurs et al. 1978). The force-length relationship for tetanic 

contractions observed in these studies has an extended plateau, and a descending limb 

that is highly deviated to the nght when compared to the theoretical force-length 

relationship. This difference has been a focus of cnticism of the sliding filament theory 

by Pollack and colleagues (Pollack, 1988; Pollack, 1983; Pollack, 1995; ter Keurs et al. 

1978) as it does not agree with predictions based on this theory. However, it is 

recognized that inhomogeneity of sarcornere lengths can account for this deviation from 

the predicted shape of the force-length relationship, and Pollack et al. (1990) have 

apparently accepted that this feature is not inconsistent with the sliding fiiament theory. 

The manner by which inhomogeneity of sarcomere length can account for this femre of 

the force-length relation is described below. 



Hill (1953) first proposed that, in a stretched muscle, redistribution of length occun 

during contractions, and this was rwponsible for the slow phase of nse in force (creep). 

This ide- was advanced by Gordon et ai. (1966a; 1966b), who proposed that this tension 

creep was due to a redistribution of sarcomere lengths during a tetanus, leading to 

sarcomere length inhomogeneity. In a series of elegant expenments, Edman and 

colleagues (1987; 1984) have provided &dence that sarcomere length is not generally 

uniform dong the lenpth of an isolated muscle fiber, neither at rest, nor during 

activation. In fact, inhomogeneity has been shown to exist during tetanic contractions 

elicited on the descending limb of the force-length relationship by several investigators 

(Gordon et al. 1966b; Gordon et aI. 1966a; Julian et al. 1978a; Julian et al. 1978b; 

Julian and Morgan, 1979a; Julian and Morgan, 1979b), where sarcomeres situated near 

the end of the fibers shorten while sarcorneres are stretched in centrai parts of the fiber. 

This idea is consistent with findings in highly stretched fibers. The sarcomere length is 

shorter near the ends of fibers when compared to sarcomere length in the middle part of 

the fibers (Huxley and Peachey, 1961; Julian et al. 1978a; Carlsen et al. 1961). 

If it is assumed that each sarcomere follows a force-length relation according to the 

sliding filament theory. and that sarcomeres in senes have some distribution of length 

about a mean value, then on the descending Limb any sarcomere which is ar a relatively 

long length wiil be weaker than sarcomeres which are at shorter (closer to optimal) 

lengths. Therefore, on activation, long (weaker) sarcomeres should lengthen, and short 

sarcomeres should shorten. Cornplimentary to this theory is the notion that the force- 

velocity relation permits lengthening sarcomeres to resist stretching with greater force 

than they cm generate isometncaily. Therefore, the apparentfy greater isometric force 

which occurs on the descending limb in futed-end contractions can be accomplished by 

lengthening long sarcomeres and shortening short sarcomeres. In fact, it has been 

demonsmted that a very slow rate of lengthening of the long sarcomeres would be 

consistent with the greater force generated by the fiber (Edman and Reggiani, 1984). In 

this way, it could be said that the muscle force (strength) is detennined not by the 

weakest Link (=comere) but by the strongest one. 



ter Keurs et ai. (1978), without using feedback for segment length control, o b s e ~ e d  a 

iinear decline in developed tension consistent with the sliding filament theory of muscle 

contraction. They employed the extrapolation method to obtain developed tension after 

a fast phase of tension development, similar to the technique used by Gordon et al. 

(1966a). However, they observed a rightward shift in the lengthdeveloped tension 

relation when they measured tension later in the contraction, when a force steady state 

appeared to have been reached. In selecting fibers for this study, these authors excluded 

any fibers which exhibited a resting sarcomere length dispersion greater than 0.2 Pm 

along its length. By this exclusion cnterion, these authors claimed to have effectively 

controlled sarcomere length, at l es t  during the rapid phase of force development. It is 

therefore not surprising that they obtahed results sirniiar to those obtained with segment 

length control when using the extrapolation method. In gened, it cm be concluded that 

fixed-end contractions yield a force-length relation which demonstrates enhanced force 

on the descending limb of this relation. The enhanced force can be explained by 

inhomogeneity of sarcomere lenpths along a single fiber. 

Force-length relation in submaximal contractions. The shape of the force-length 

relation as descnbed above, has been determinecf in single muscle cells which have been 

maximaily activated (tetanic contractions). Submaximal activation of single fibers results 

in incompletely fused tetanic contractions. With each level of stimulation, the shape of 

the force-length relation is aitered (Balnave and Allen, 1996). In particular, maximal 

tension for a given level of activation is developed at a length longer than the length 

associateà with maximal overlap of the filaments [see also Stephenson and Wendt (1984), 

p.2541. 

This observation is particularly interesting, since the change in apparent optimal length 

is in the opposite direction of that which would be anticipated if there was an impact of 

senes elastic properties of muscle. The Hill mode1 would predict that optimal muscle 

length would be longer for tetanic contxactions than for submaximal contractions. It can 

be assumed that muscle length is the sum of the contractile element length (representing 



the sarcomeres in series), and the length of any elastic structure in senes with the 

contractile element. At optimal length, the contractile element should be at the length 

representing optimal overlap of the fihments. The series elastic cornponent should be 

extended to a greater length during a tetanic contraction than during a submaximal 

contraction. This should result in a shorter optimal muscle length for submaximal 

contractions. This is in contrast with what is known to be the case. Optimal length for 

submaximal contractions is longer than optimal length for contractions with maximal 

activation (Close, 1972a; Rack and Westbury , 1969). 

Since a greater developed force is actually obtained during submaxirnal contractions when 

available cross-bridges are declining in number, this property of muscle has been 

assumed to be the result of enhanced activation at longer lengths and has been referred 

to as length-dependent activation. Such an effect could conceivably result from either 

a length-dependent enhancement of caZi release, or a length-dependent enhancernent of 

sensitivity to ~ a ?  Increased sensitivity to ca2' could result from any factors which 

permit more force at a given level of caZi concentration. 

Studies using sfinned fibre preparations have been particularly important in the 

investigation of length-dependent muscle activation. These studies have shown a leftward 

shift in the force-ca2' relationship when the muscle is stretched to lengths beyand 

optimum (Endo, 1972; Endo, 1973; Martyn and Gordon, 1988; Stephenson and 

Williams, 1982; Moisescu and Thieleczek, 1979), suggesting that the length-dependence 

of muscle activation is due to a length-dependence of ca2+ sensitivity to force. In this 

case, a greater force at a given submaximal ~ a ' +  concentration is obtained when 

measurements are made at longer sarcomere lengths. Over the past years this has been 

an exciting area of investigation [for extensive reviews of some of the aspects involving 

this issue see Moss (1992) and Fuchs (1974)], and now it is believed that changes in 

interfilament spacing as a consequence of changes in muscle length may be responsible 

for length-dependent changes in ~ a ' '  sensitivity (Godt and Maughan, 198 1; Moss et al. 

1983; Fuchs, 1985; Fuchs and Wang, 199 1; Wang and Fuchs, 1995; Patel et al. 1997). 



Lengthaependence of activation can be explained on the basis of mechanical features of 

the myofilaments. It has b e n  show that intermyofilarnent spacing decreases as skeletal 

muscle is stretched (Rome, 1968; Matsubara and EUiott, 1972; Rome, 1972). Using 

skinned fibers of the soleus muscle from the rabbit, Godt and Maughan (1981), 

confumeci that compression of the myofilament lattice with high molecular weight 

dextran, resulted in enhanced caZi -sensitivity . These results have been confïrmed by 

other investigators (de Beer et ai. 1988b; Stienen et al. 1985; Wang and Fuchs, 1995). 

The conditions within the myofilament space which effect length-dependence of ca2+ 

sensitivity are still unknown. One possible explanation is that in order to engage in a 

force-generating state the myosin cross-bridge must first move away from the thick 

filament backbone (Rayrnent et al. 1993). The greater the distance the thin filament is 

from the thick filament, then the less the likelihood of actin-myosin binding. According 

to this model, reducing intermyofilament distance by stretching (or osmotic compression), 

would increase the probability of cross-bridge interaction with actin thereby increasing 

the number of cross-bridges engaged in the strong-binding state and thus the amount of 

tension production. 

Another somewhat related hypothesis, presented by Zhao and Kawai (1993) is that lattice 

compression of muscle fibers helps to stabilize the strong-binding actin-myosin-ADP 

complex, which is thought to be the force-generating cross-bridge state in current models 

of muscle contraction [see work by Brenner et al. (1988; 1986; 1991)]. After 

compression of skinned fibers, the authors observed that the rate of transition from weak 

to strong-binding states of cross-bridge amchment was increased, while other steps 

involving detachment and weak-binding states were not affecteci. Interestingly, this effect 

is similar to the consequence of R-LC phosphorylation, which is also thought to bring 

the cross-bridges closer to the thin filament. 

Generaily, the studies done using single fibers support the sliding marnent theory of 

muscle contraction . S tudies with fued-end con tractions show an extended plateau and 



higher forces than expected by theoretical predictions, but the results can stiil be 

explained by the sliding filament theory. At sub-maximal levels of activation, the force- 

length relationship shows a different shape, and this change may be due to length- 

dependence of ca2+ sensitivity. 

Force-Iength relation in isoiated whole muscle 

It is difficult to use the segment or sarcomere length control approach to the study of the 

force-length properties of mu1 ticellular muscle preparations, w hich includes b undles of 

fibers as well as whole isolated or semi-isolated muscles. With the exception of 

experiments done by ter Keurs et al. (1981), using small bundles (6-20 fibers) from the 

EDL muscle of the rat, such experiments Ml into the category of fixed end contractions. 

The results of ter Keurs et al. (1984) are not significantly different From those found with 

single fiber preparations. Therefore we will not further discuss segment controiled 

expenments in this section. 

Shape of the whole muscle force-tension relation. The sarcomere force-length relation 

has not been studied in detail in multicellular preparations partially because it is very 

difficult to masure sarcomere length in such preparations. In general these studies use 

muscle length as an indicator of sarcornere length, and the results agree mostly with 

observations made in single ce11 preparations with sarcomere length measurement. In 

one of these studies, Rack and Westbury (1969) have shown an extended plateau in the 

force-length relation for tetanic contractions, where the developed force did not start to 

decrease significantly until a muscle length that was estimated to give a sarcomere length 

of -3.0 Pm. 

Although using fixed-end contractions, Close (1972a) has reported a force-length relation 

similar to that observed in studies using segment control (Gordon et al. 1966a; Granzier 

and Pollack, 1990; Edman and Reggiani, 1983, Le., the force decreased linearly with 

decreasing filament overlap. There is not a cl= explanation for this difference. 



Force-length relation in submaximal contractions. As in studies with single cells, 

studies with whole muscles have revealed that the force-length relationship may be 

dependent on level of muscle activation. Several studies show an extended plateau in the 

force-length relation for twitch contractions (Close, 1972a; Rack and Westbury , 1969; 

Roszek et ai. 1994) and sub-maximally activated muscle (Roszek et al. 1994). and the 

descending limb of the force-length relation was shifted to longer muscle lengths. 

Consistent with the hypothesis that this higher force at a longer length is due to a length- 

dependence of muscle activation, Wendt and Barclay (1980) have observed that 

dantrolene, a drug that decreases ca2+ rel ease from the sarcoplasmic reticulum , therefore 

decreasing the level of muscle activation, shifted the peak tetanic tension to longer 

lengths either in soleus or EDL muscles from the mouse. 

These results agree with the studies cited previously in this review, using intact and 

skinned single skeletal muscle cells, that besides the degree of filament overlap, the 

levels of muscle activation also influence the shape of the force-length relation in skeletal 

muscle. 

Twitch potentiation is a compiex phenornenon not completely understood yet. Studies 

investigating length-dependence of twitch potentiation are contradictory and further 

investigation is needed in this area. Based on the literaîure regarding mechanisms of 

twitch potentiation and the force-length relation in skeletal muscle, two hypotheses are 

suggested to explain the length-dependence of staircase potentiation: (1) length- 

dependence of R-LC phosphorylation is responsible for length-dependence of staircase 

potentiation, and (2) mechanisms of length-dependence of muscle activation are related 

to the length-dependence of staircase potentiation. The next chapters consist of studies 

performed to investigate the Iength-dependence of staircase potentiation. 



Chapter 3 
Force-sarcomere length relationship for twitch and 

tetanic contractions of the mouse extensor digitorum 

longus muscle 

INTRODUCTION 

The sliding filament and cross-bridge theories of muscle contraction (Huxley, 1957; 

Huxley, 1969) predict hat the amount of tension produced by a fully activated muscle 

is proportional to the number of independently-acting cross bridges attached to actin 

filaments within each half-sarcomere. According to the sliding Nament theory, 

developed tension should be proportionai to the degree of overlap between actin and 

myosin filaments. This theory obtained substantial support from the study by Gordon 

et al. (I966a), who investigated the force-length relationship in single frog skeletal 

muscle fibres. These authors used a spot following device that maintained isometric 

sarcomere length in a srnall portion in the mid-section of a fibre during contractions. It 

was observed that, beyond the plateau of the force-Iength relationship, as the amount of 

filament overlap was decreased tetanic developed tension decreased proportionally. 

The force-length relationship provides an important experirnental evidence of the sliding 

filament theory of muscle contraction, and it represents a fundamental property of 

skeletai muscle. However, few studies have investigated the force-sarcomere length 

relationship in mammalian skeletal muscle. ter Keurs et al. (1984) studied the extensor 

digitorum longus (EDL) muscle of the rat, using a sarcomere length clarnping technique 
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similar to that used by Gordon et al. (1966a). They showed that the descending limb of 

the force-length relationship was deviated ro the right compared to theoretical predictions 

according to expected marnent overlap. 

Phillips and Woledge ( l992), who studied the omohyoideus muscle from the mouse, and 

Stephenson and Williams (1982), who measured the force response to ca2+ activation 

in skinned EDL and soleus muscles from the rat, investigated the force-length 

relationship without controiling the sarcomere length. Instead, they used fixed-end 

contractions, in which the length of the muscle-tendon unit rather than the sarcomere is 

maintained constant during contraction. Even with small differences from the study done 

by Gordon et al. (1966a), the force-length relationship observed in these two studies is 

reasonably consistent with the predictions of the cross-bridge mode1 of muscle 

contraction. 

However, some features of the force-length relationship of mammalian skeletai muscle 

still need to be investigated. For example, the force-sarcomere length relationship has 

not been studied in a large range of sarcomere lengths in intact marnmalian muscles in 

conditions of fixed-end contractions. In this case, stretch of any senes elastic 

component, or weak sarcomeres, may permit shortening of other sarcomeres, resulting 

in increased sarcomere inhornogeneity (Edman, 1966; Paolini et al. 1977). Therefare, 

the force-sarcornere length relationship in this condition may be different than the force- 

sarcomere length relationship when the sarcomere length is controlled. In fact, studies 

on frog striated muscle using fixed-end contractions have reported levels of force that are 

considerably greater than the corresponding forces measured when the sarcomere length 

is regulated (Granzier and Pollack, 1990; ter Keurs et al. 1978). 

Furthemore, there is no report in the iiterature investigating the force-sarcomere length 

relationship for mammalian muscle twitch contractions. The force-sarcornere length 

relation for twitch contraction is known to be different fiom that for tetanic contractions 

in frog muscle (Close, 1972a). The frog muscle twitch force reaches a peak amplitude 



at lengths longer than the optimal length for tetanic contractions, suggesting that the 

levels of muscle activation influence the force-length relationship in these muscles. Rack 

and Westbury (1969) have found sirnilar results using the whole soleus muscle from the 

cat, but they did not masure sarcornere length. The resdts of these two studies are 

interpreted as evidence that there is a length-dependence of muscle activation in skeletal 

muscle, similar to that known to occur in cardiac muscle, as observed by Wang and 

Fuchs (1994). 

A better understanding of the force-length relationship in mammalian muscles is needed. 

The aim of this study was to investigate the force-sarcomere length relationship of the 

mouse EDL muscle for tetanic and twitch contractions using fixed-end conditions. We 

were particularly interested in teshng the idea that the force-length relationship for twitch 

contractions is different from the force-length relationship for tetanic contractions. Also, 

since the studies reported previously were conducted at room temperature, we performed 

experiments at both room (22OC) and physiological (3S°C) temperatures, to assess 

possible differences beween these two conditions. 

METHODS 

Male mice weighing approximately 30 grams were housed in a room with a 12: 12h 

light:dark cycle. Standard rnouse chow and water were provided ad libinun. Care and 

treatment of these anirnals were in accordance with the Canadian Council on Animal 

Care, and alI procedures were approved by the an ethics comdttee of the University of 

W a r y *  

Muscle preparation. The animais were deeply anaesthetized with an intraperitoneal 

injection of pentobarbitol (60 mgokg-'). The right hindlimb was shaved and an incision 

was made dong the surface of the hindlimb. The tibialis anterior muscle was removed 

to expose the EDL muscle. The EDL muscle was transfened to a dissecting chamber, 

through which Krebs Henseleit solution (NaCl, 125 mM; KCI, 4.7 mM; NaH,PO,, 1.78 
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rnM; MgCl,, 1 mM; CaCI,, 1.9 mM; NaHC03, 24 mM; Dextrose, 10 m . )  was 

pumped. This solution was bubbled continuously with 95 % 0, and 5 5% CO, - (pH = 7.4, 

temperature = 22OC). 

The muscle of the third digit was selected for these expenments. Using a pair of iris 

scissors, forceps and smaii probes under a microscope with dark-field illumination at 40X 

magnification (maximum), a fibre bundle was carefully dissected from the selected 

muscle. Expenments were performed with small fibre bundles (approximately 6 to 30 

fibres, 10-12 mm long) of the EDL muscle. Care was taken to clear the fibres from 

connective tissue as much as possible. 

After dissection, the tendons of the dissected fibres were gripped with small pieces of T- 

shaped aluminum foi1 as close to the end of the fibres as possible. The bundle of fibres 

was then ûansferred to an experimental chamber, with coneinuous superfision of the 

same solution as in the dissection chamber. One tendon clip was attached to a transducer 

hook and the other to a Cambridge motor arm (mode1 300B), allowing the fibre bundle 

to be suspended honzonrally and positioned to a specific sarcomere length, as desired 

during the experiment. Expenments were performed at 22OC and 35°C. 

Sarcornere length meanirements. The sarcomere length was measured by laser 

diffraction. A 10 m W  He-Ne laser (Mode1 1125, Uniphase, Manteca, California) with 

a beam diameter of 0.8 mm was directed through the experimental charnber 

perpendicular to the long axis of the muscle fibres. The sarcomere length was 

established in a clear region of the bundle, close to the force transducer. Aithough it is 

known that irregulariries in sarcomere length may occur dong the fibers (Huxley and 

Peachey, 1961; Julian et ai. 1978a; Carlsen et al. 1961), this region was chosen because 

in most expenments it was not possible to obtain a clear diffkaction pattern in al1 regions 

of the fibre due to adherent damaged fibres and/or connective tissue. 

The position and intensity distribution of the first-order diffraction pattern was monitored 



by a photodiode array which was scanned electmnically every 0.5 ms. The diffraction 

pattern coming from the muscle was collectexi in a 10X objective lens (NA.  0.5, Nikon) 

and reflected through an access port in the microscope. The transrnitted laser was 

projected via a telescopic lens and three other cylindrical lenses onto a photodiode array 

(RL-128A, Reticon Corp., Sunnyvale, California). An amplifier was used to produce 

an analog signal, the voltage of which was proportional to the sarcomere length, based 

on the median intensity profile of the fint-order difiction pattern. The system was 

calibrateci before every experiment with test gratings (12.5 pm). The intensity 

distribution of the first-order diffraction pattern was monitored during the experirnents 

with an oscilloscope. 

Muscle bundles were adjusted to the desired length during experiments with the servo 

Cambridge motor. Muscle tension and madian sarcomere length were displayed on the 

computer screen during the experirnents. 

Muscle force measurements and stimulation procedures. Muscle force was measured 

with a semiconductor strain gauge transducer (ENTRAN, ESU-060-350, 3608 

impedance, Intertechnology Inc., Calgary) connected to an amplifier in a half-bridge 

configuration. The position of the force transducer was maintained constant during the 

experiments. 

Stimulation was with supramaximal (10-50V) square pulses, 0.5 ms duration, through 

two platinum wires which were anangeci in parallel to the muscle fibre bundle in the 

expenmen ta1 chamber. Twitches and tetanic contractions (200 Hz stimulation rate; 200- 

400 ms duration) were elicited at sarcomere lengths that were changed in steps of 0.1 pm 

to 0.4 Pm, with 2 min rest periods between contractions. The developed tension PT) 

was measured as the difference between the passive force and the Peak force during a 

contraction. 

Muscles were studied first at 22OC and then at 3S°C. A 20-30 min equilibration period 



was ailowed at each temperature. Sometimes during the course of the experiments, the 

muscle bundles were set at a reference sarcomere length where maximal force was 

obtained to v e n b  absence of fatigue andor damage in the preparation. In a l l  cases, the 

force was not decreased when comparai to previous contractions recordai at this same 

reference length, indicating that fatigue or damage did not occur in our experiments. 

Sarcomere length measurements. In many preparations, after obtaining a clear pattern 

of sarcomere length at rest with the laser diffraction, the tracing was lost during the 

contractions. This was probably caused by translations of the muscle which resulted in 

connective tissue and/or adherent damaged fibres moving into the laser beam and 

interfenng with the pattern. When the sarcomere length was clear dunng the 

contractions, the tracings showed a varied pattem of change. The varïability of 

sarcomere length was more evident at long sarcomere length, as observed by ter Keun 

et al. (1984). This is clear in Figure 1, which shows results from a bundle of fibres 

stimulateci close to the plateau region of the force-length relationship (in this case at 2.46 

pm), and results from the same bundle of fibres shmulated at 3.2 pm. At 2.46 Pm, the 

sarcomere length shows an initial shortening, and then stabilizes until the end of 

contraction. At the longer sarcomere length, however, the pattern of change is more 

cornplicated. After an initial stretch it keeps changing during the contraction. This 

variability of sarcomere length change was observed often when the tracing was clear 

dunng the contraction. Due to the variabiüty of sarcornere length during contractions, 

ail results presented herein are related to sarcomere length readings made at the 

beginning of the contractions (passive sarcomere length), at one position during fixed-end 

contraction. Results of a given contraction were included ody when the sarcomere 

length after the contraction was the same as it was in the beginning (i.e., the aacing was 

still clear and without apparent change). 



Initial SL: 2.46 p 

Initial SL: 3.2 p 

Figure 1. Tetanic contractions recorded at initial sarcomere lengths of 2.46 pm and 3.2 
pm. In each panel, upper trace represents developed force and bottom trace shows the 
sarcomere length. In both cases, the fast and slow phases of increase in force are 
apparent. At an initial sarcomere length of 2.46 pm , there is first sarcomere shortenhg 
(downward deflection), but during the force plateau the sarcomere length is relatively 
stable. In the lower panel, the pattern is more variable. After an initial stretch it keeps 
changing during the contraction. Note also the lower developed force when the initial 
sarcomere length is at 3.2 am. 



Figure 1 also shows the expected decrease in force produced by setkg the muscle at a 

long length. In this case, force was about 60% of maximal at a sarcomere length of 3.2 

pm. Also, the two phases of rise in force, described by Gordon (1966a). Le., the fast 

and the slow components of rise in force, are visible in these examples. 

Effects of temperature. The effects of temperature on typical twitch and tetanic 

contractions recorded during the expenments are shown in Figure 2. As expected 

(Moore et ai. 1990; Kossler and Kuchler, My),  twitches elicited at 22OC presented a 

greater force developrnent than twitches elicited at 35°C. This difference becomes 

smaller at longer sarcomere lengths (Figure 2B), possibly because the degree of 

activation during a twitch contraction appeai to be greater at long compared to shorter 

sarcomere lengths (see below). Figure 2C shows three tetanic contractions, one recorded 

at 22"C, and two contractions recorded at 35OC (with a 5 min interval between the second 

and third contractions). Contrary io twitch contractions, the tetanic force magnitude does 

not change significantty after increasing the temperature, however the time course of the 

contractions is different at the two temperatures. The time to reach peak force and time 

for relaxation is faster at 35°C than at 22°C. In some cases, the force was slightly 

greater at 3S°C than at 2Z°C, but the difierence was very small. 

Force-sarcomere Iength rehtionship of tetanic contractions. The force-sarcomere 

length relationship for tetanic contractions is presented in Figure 3. Since the results 

obtained at the two temperatures used in this study depict vimiaiIy the same force-length 

relationship P T  = -1.20 + 1.86aSL - 0.39.~~' (rZ = 0.87) and DT = 0.85 + 
O.SS*SL - o.~o.sL' (~~ = 0.86), for 22°C and 35°C respectively], the pooled results are 

shown, with the force plotted relative to the highest force obtained at any length in a 

given experiment. By extrapolating the results obtained on the descending limb of the 

force-sarcomere Iength relationship, the force appears to decrease to zero at 

approximately 3.8 pm - 3.9 pm, consistent with previous findings with intact (ter Keurs 

et al. 1984) or skinned fibres (Stephenson and Williams, 1982) of EDL muscle of the rat 



SL: 2.9 p 

SL: 3.29 p 

SL: 2.9 p m  

Figure 2. Typical traces of twitch and tetanic contractions recorded at 22OC and 35OC. 
Panel A shows twitch contractions recorded at a sarcomere length of 2.9 pm, and it is 
clear that the force recorded at 22OC (upper twitch) is higher than the force recorded at 
35°C. Panel B shows the same bundle of fibres and the same conditions, but recorded 
at a sarcomere length of 3.29 Pm. The force at 22OC is still higher than at 3S°C, but the 
difference is less. Panel C shows a tetanic contraction recorded at 22OC and two tetanic 
contractions recorded at 35OC (sarcomere length: 2.9 pm). The magnitude of force is 
vimially the same in these conditions. The two tetanic contractions recorded at 3S°C 
show that, during the period of equilïbration after changing temperature, the force did 
not change. 



2.0 2.4 2.8 3.2 3.6 4.0 

Sarcomere Length (pm) 

Figure 3: Force-length relationship for tetanic contractions (n = 10). The theoretid (thick 
line) relationship is obtained From ter Keurs et al. (1984) with a plateau extended from 
2.26 pm to 2.43 pm and a zero overlap intercept on the descendhg limb occurring at 
3.79 pm. The force @T) is given relative to the maximum force obtained, and the 
passive tension has b e n  subtracted, as explaùied in methods. Note that the shape of the 
force-length relationship does not change substantially with temperature. Force appears 
to drop to zero at a sarcomere length of approximately 3.9 pm (thin line, representing 
2nd order polynomiai least squares fit). 
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(3.79 pm and 3.93 Fm, respectively). The descending limb of the force-length 

relationship, with the sarcomere length measured at the beginning of the contractions, 

shows a shift to the right when cornpared to the theoretid predictions based on the 

length of myofilaments, obtained from ter Keun et al. (1984). 

Force-sarcomere length relationship of twitch contractions. The force-length 

relationship of the twitch contractions was much more variable than that for tetanic 

contractions when data from dl fibres were plotted together. This was due mainly to 

variations in the twitch:tetanus ratio observed in the different experiments. However, 

in al1 experiments perforrned the force plateau is extended to longer sarcornere lengths, 

when cornpared to the force plateau of tetanic contractions. In order to evaluate this 

phenornenon objectively, we considered the nght corner of the force plateau as the 1s t  

twitch contraction detected before the force decreased to 95% (or less) of the value of 

the maximum force obtained in each experiment. The tetanic force started to decrease 

at a sarcomere length of 2.87 i 0.05 pm (mean + SEM) and the twitch force at 3.22 

t 0.08 pm; this difference was statisticaily signifiant @ < 0.01). This extended 

plateau which is consistent with length-dependence of muscle activation is evident in 

Figure 4. This is sirnilar to results reported by Close (1972a) for frog muscles and Rack 

and Westbury (1969) for the cat soleus muscle. This seems to be a feature of skeletal 

muscles, independent of temperature, since we observed this phenornenon at both 22OC 

and 35OC. In the examples displayed in Figure 4, the twitch: tetanus ratios at 2.9 pm 

were 0.3 1 and O. 11, for 22'C and 3j°C, respectively. The twitch:tetanus ratio is 

maximal at a sarcomere length of 3.64 lm and 3.42 p m  (0.59 and 0.25, respectively), 

for 22°C and 3S°C. 

In Figures 5 and 6, results of representative experiments at 22T and 3YC are shown. 

In these figures, the twitch contraction is normalized relative to the tetanic force 

presented in the figure. Clearly the twitch:tetanus ratio is greater at longer sarcomere 

lengths. This is because the decline in twitch force begins to occur at a sarcomere length 

longer than the decline in tetanic force. 



Temperature: 22OC 

Sarcomere Length (pm) 

Temperature: 3 5°C 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

Sarcomere Length (pm) 

Figure 4. Force-length relationship for tetanic and twitch contractions for one 
representative muscle, at 22OC (A) and 35OC (B). The force is given relative to the 
maximum force obtained, after subtracting the passive tension. The plateau of twitch 
force is extended to longer sarcomere lengths when compared to tetanic contractions at 
both temperanires. Note also that the twitch:tetanus ratio is smailer at 35OC than at 22OC. 



SL: 2.85 pn  

SL: 3.33 p 

SL: 3.64 pm 

Figure 5. Twitch and tetanic contractions at X 85,3.33 and 3.64 p m  recorded during one 
typical expriment performed at 22OC. Force is normalized for the tetanic contraction. 



SL: 2.94 pn 

SL: 3.42 pm 

SL: 3.51 pm 

Figure 6.  Twitch and tetanic contractions at 2.94,3.42 and 3.5 1 pm recurded during one 
typical expenment performed at 3S°C. Force is normalized for the tetanic contraction. 
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In Figure 6, the twitc h : tetanus ratio is also increased with increasing sarcornere lengths, 

but this ratio is always smaller than that observed at room temperature. As stated before, 

this fmding is apparently a result of a smailer twitch contraction recorded at 35OC, with 

vimially no change in the amplitude of the tetanic contraction. 

DISCUSSION 

The main purpose of this study was to describe the force-sarcornere length relationship 

for the mouse EDL muscle, and special consideration was given to this relationship for 

twitch contractions. In this regard, this study agrees with previous studies using single 

fibres f'rom the frog (Close, 1972a) or the whole muscle h m  the cat (Rack and 

Westbury, l969), showing that there is a length-dependence of muscle activation. 

Effects of temperature. When the temperature was changed fiom 22OC to 35OC, force 

production in the EDL muscle decreased for twitch contractions but there was no 

signifiant change in the tetanic force, as reported previously (Moore et al. 1990; Close 

and Hoh, 1968b; Kramp, 1981c; Lannergren and Westerblad, 1987; Westerblad et al. 

1997). Sorne studies show an increase in maximum tetanic force at a high temperature 

when compared to room temperature (Westerblad et al. 1997; Kossler and Kuchler, 

1987), but in most cases this increase is very small. Therefore, the fmding that tek.& 

force did not change significantiy in our preparation is not surprising and is consistent 

with previous investigations (Close and Hoh, 1968b). 

Assuming that tetanic contractions represent maximal activation of the muscle, Our results 

suggest that the higher force observed at 22OC during a twitch contraction (when 

compared to 35OC) is associated with a higher level of muscle activation attained with a 

single pulse. The level of muscle activation may be enhanced by increases in ca2+ 
concentration in the myoplasm or increased sensitivity of the filaments to ca2+, Le., 

higher force attained at a given ~ a ' '  concentration. 



Our results would be consistent with either of these two hypotheses, and evidence for 

both ideas are found in the literahire. Characteristics of twitch contractions (longer time 

course) sugpst that ca2+ transients may be prolonged at cold temperatures when 

compared to physiological ternperatures. These include an increased time to peak and 

an increased half-relaxation time at rwm temperature relative to 3S°C (Moore et al. 

1990; Kossler and Kuchler, 1987). These two factors could be dependent on the rate of 

ca2+ re-uptake during a twitch, and this is probabiy slower at room temperature (Kossler 

and Kuchler, 1987). The slower rate of ca2+ re-uptake would also contribute to the 

observed larger twitch amplitude. 

It has been reported that ca2+ sensitivity of contractile proteins of skinned fibre 

preparations from the rat (Stephenson and Williams, 1985) and frog (Godt and Lindley, 

1982) decreases at high ternperatures. As a result, a given submaximal calC 

concentration would lad  to a greater force at 22OC when compared to 3S°C. This may 

be a result of a decrease in the affinity of troponin C for with increasùig 

temperatures. This could be expected if we assume that ca2+ binding to the troponin C 

is an exothermic reactioion (Potter et al. 1977) and this would result in a iower ca2+ 

binding rate at higher ternperatures. Whatever the mechanism responsible for a higher 

twitch force at 22OC is, Our results support previous studies looking at this issue (Moore 

et al. 1990; Close and Hoh, 1968b; Kranip, 198Ic; Lannergren and Westerblad, 1987; 

Westerblad et ai. 1997). 

The force-tength relationship of tetanic contractions. The force-length relationship for 

tetanic contractions observed in this study had a descending limb which was deviated to 

the nght when compared to the theoreticai force-length relationship (Figure 3). It also 

showed an extended plateau where the force did not decrase until well beyond estimateci 

optimal filament overlap. 

This deviation from the theoretical force-length relationship, first describeci by Gordon 

et al. (1966a), has been observed in different preparations. Studies using clamped 



sarcomere length have found a small deviation from theoretical predictions, but the force 

stiii decreases linearly with increase in sarcomere length (ter Keurs et al. 1978; Granzier 

and Pollack, 1990; ter Keurs et al. 1984). Preparations that used fixed-ttnd contractions 

have observed a more extended plateau, and a descending iimb that is deviated funher 

fiom that predicted by the degree of filament overlap (ter Keurs et al. 1978; Granzier 

and Pollack, 1990; Phillips and Woledge, 1992). This higher force observed at a given 

sarcomere length (compared to the theoretical degree of filament overlap) has b e n  

investigated, but there is still uncertainty over the cause of this phenornenon. 

ter Keurs et al. (1978) have proposed that the force-length relationship obtained with 

steady-state plateau values of a tetanic contraction represents the state of caZi activation 

that is needed to produce maximum force. They suggest that, if cross-bridges in the 

central part of the thick filament do not contribute significantly to force production, 

andlor the probability of cross-bridge attachment increases with distance from the centre 

of the sarcomere, this could account for higher force in a region when little Nament 

overlap would be expected. This would aiso explain our results where we observed some 

force production in a repion where the overlap of Narnents should bs minimal. 

Higher forces than predicted could also be explained if there is an inhomogeneity of 

sarcorneres during force development, as proposed by Gordon et al. (1966a). 

Inhomogeneity has ben  shown to occur during tetanic contractions elicited on the 

descending limb of the force-length reiationship (Edrnan, 1966; Paolini et al. 1977), 

where some sarcorneres are being stretched while others are shortening. The sarcomeres 

that are shortenhg are likely situated near the end of the fibres. In our study, 

sarcomeres near the tendons may have b e n  operating at a shorter sarcomere length 

during the contraction, when compared to the passive sarcomere length that we actudy 

rneasured. Though numerous studies have found very small sarcomere length dispersion 

in Frog skeletal muscle (Edrnan, 1966; Paolini et al. 1977), this question remains 

unanswered. 



Our results are also in agreement with some studies that used skinned fibre preparations 

to determine the force-length relationship. Using skinned fibres from the EDL muscle, 

Stephenson and Williams (1982) observeci an extended plateau and data points that 

deviate slightly from the theoretical force-length relationship. Their results are important 

in the discussion of this paper, because they measured sarcomere length whiie the fibres 

were at rest. This is also whar we did, and despite a larger variation found in Our snidy, 

force was predicted by extrapolation to be zero at a similar sarcomere length. Our 

results are also in good agreement with Endo (1973) who used skinned toad muscle 

fibres. He also found an extended plateau (from 2.0 pm to 2.8 pm) and force was about 

50% of maximal at about 3.4 Pm. 

This study did not investigate the mechanisms responsible for the extended plateau of 

force production, but if we bear in mind the nature of the procedures used, these results 

are consistent with previous studies in the literature using intact frog (Granzier and 

Pollack, 1990; Gordon et al. 1966a; ter Keurs et al. 1978) and rat (ter Keurs et al. 1984) 

fibres, and also with results of skinned fibre preparations (Endo, 1973; Stephenson and 

Williams, 1982). 

Length-dependent activation. As stated in the introduction, the length-dependence of 

muscle activation in intact muscles has been observed before (Rack and Westbury, 1969; 

Close, l972a), but without consistent measures of sarcomere length. This length 

dependence is charactenzed by the fact that the optimum length for twitch contractions 

is longer than it is for tetanic contractions, either in preparations using the whole soleus 

muscle fiom the cat (Rack and Westbury, 1969) or single fibres from the frog (Close, 

1972a). Furthemore, Mnave and AUefi (1996) have used single fibres from the mouse, 

and observed a graded shift in the force-lengtb relationship to longer lengths as 

stimulation frequenc y decreases. 

We did not use different stimulation frequencies, but we did observe an increased 

twitch:tetanus ratio as sarcomere length incrasecf to a certain point, and we suggest that 



this phenomenon is due to a lengthdependence of muscle activation. Length-dependent 

activation in skeletal muscle is supponed by many studies using skinned fibre 

preparations. Endo (1972; 1973) used shned  Frog skeletal muscle and showed that the 

caZC threshold for contraction was shifted toward lower concentrations with 

increasing sarcomere length. Subsequentiy, it was shown that the entire force-pCa 

relationship is shifted to the lefi with increasing sarcomere length in arnphibian twitch- 

fibres (Moisescu and Thieleczek, 1979) and rnammalian fast and slow-twitch muscles 

(Stephenson and Williams, 1982). 

The mechanisms responsible for this lenpth-dependent activation are not yet completely 

understood. M i l e  it has been established that cardiac muscle length-dependence of ca2+ 

sensitivity operates via an increased ca2+ affinity of troponin C when the muscle is 

swtched (Wang and Fuchs, 1994), much evidence now suggests that interactions 

between myofilament spacing and cross-bridge cooperativity (Guth and Potter, 1987) or 

intermyofilament spacinp alone (Patel et al. 1997; Fuchs and Wang, 1991) may be 

responsible for this phenomenon in skeletal muscle. 

It appears that the increased activation that happens at room temperature is not big 

enough to modify the general force-length relationship, as the plateau for the twitch 

contractions measured at room temperature is similar to that obtaïned at 3S°C. It rnay 

be that, different mechanisms may be operating in these two situations. 

The sarcomere force-length relationship for bundles of EDL muscle from the mouse is 

similar to that reporteci for frog muscle when stimulated with fixed-ends. Force is higher 

than that predicted by apparent degree of filament overlap on the descending limb of the 

force-length relationship. There is a length-dependence of activation in these muscles. 

The plateau force for twitch contractions is broader and extends to longer sarcomere 

lengths than the plateau force for tetanic contractions. 



Few studies have investigated the force-sarcomere length relationship in mammalian 

skeletal muscles. The purpose of this study was to describe the force-sarcomere length 

relationship for tetanic and twitch contractions for the extensor digitorum longus (EDL) 

muscle frorn the mouse. In virro fixed-end contractions of srnall bundles of EDL fibres 

were elicited at 22OC and 35OC at average sarcornere lengths ranging From 2.35pm to 

3.85 pm (measured by laser difhction technique). Changes in temperature did not 

affect the force-length relationship. The force decreased linearly with increasing 

sarcomere length beyond an extended plateau. This linear force decrease was shifted to 

the nght when compared to theoreticai predictions based on the degree of filament 

overlap, with a zero intercept between 3.8pm and 3.9pm. Twitches had a force plateau 

which extended to longer sarcornere lengths (started to decrease at 3.22 f 0.08pm) than 

the plateau of tetanic contractions (staned to decrease at 2.87 t 0.05pm), but the force 

dropped to zero at similar lengths. This shift in force plateau suggests that the level of 

activation influences the force-length reiationship in marnmalian skeletal muscle. 



Chapter 4 
Sarcomere length-dependence of activity-dependent 

twitch potentiation in mouse skeletal muscle 

INTRODUCTION 

Activity-dependent potentiation is the enhancement of contractile response which occurs 

as a consequence of pnor activation. Siaircase, the progressive increase in developed 

tension during low frequency stimulation, and posttetanic potentiation, the enhancement 

of twitch developed tension following tetanic stimulation are two comrnon forms of 

activity-dependent potentiation (Close and Hoh, 1968a; Close, 1972b; Kranip, 198 1 b) . 

It is generally considered that the enhancement of force during staircase and following 

a tetanic contraction occurs as a result of phosphorylation of the light chains of rnyosin 

(Grange et al. 1993; Sweeney et al. 1993). 

It has been reported that there is a length-dependence of potentiation in skeletal muscle. 

Expenments conducted at 37'C have demonsmted that the magnitude of staircase 

potentiation is inversely related to muscle length (Wallinga-de longe, 1979; Close, 

l972a). 

Length-dependence of posttetanic potentiation has been evaluated in vitro at room 

temperature, and it has been report4 that there is a lengthdependence of potentiation, 

with the fractional enhancement of force being proportional to muscle length (Moore and 

Persechini, 1990). It would appear that the impact of muscle length on the potentiation 



of a twitch is different between staircase and posttetanic potentiation. This difference in 

length-dependence could be a function of the different temperatures at which the 

experiments were conducted, or there rnay be a fundamental difference in the mechanism 

of posttetanic potentiation relative to staircase. 

In this study, the length-dependence of staircase and posttetanic twitch contraction 

amplitude was evaluated in vifro , at room temperature with measuremen t of sarcomere 

length. In addition. staircase was assessed at a warmer temperature, to permit 

cornparison with the responses previously done with staircase. The results indicate that 

there is a length-dependence of force modulation in the twitch contraction for both 

staircase and posttetanic response, and that in both cases the twitch amplitude after the 

conditioning stimulus (Pt*) when expressed relative to a contro.ol twitch (P,*/PJ is 

inversely proportional to sarcornere length. These experiments c o n h n  that there is no 

justification for ascnbing a mechanism for posttetanic response which is any different 

from the mechanism for staircase. 

Male mice weighing approxirnately 30 grarns were housed in a r w m  with a 12: 12 h 

Light:dark cycle, and standard mouse chow and water were provided ad l i b i fm .  Care 

and treatment of these animals were according to the Canadian Council on Animal Care 

and al1 procedures were approved by a University cornmittee for the ethical use of 

animais for research. 

Muscle prepantion. The animals were deepl y anaesthetized with an in trapentoneal 

injection of pentobarbitol (60 mgokg-l). The entire extensor digitorurn longus muscle 

(EDL) was dissected from the animais and transferred to a dissechg chamber, through 

which Krebs Henseleit solution flowed (mM concentrations: NaCl, 125; KCI, 4.7; 

NaH,POI, 1.78; MgCl,, 1; CC-, 1.9; NaHCQ, 24; dextrose, 10). This solution was 

bubbled continuously in the reservoir with 95 46 4 and 5% CO2 @H=7.4, temperature 
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= 22°C). Small fibre bundles (6-30 fibers were dissecteci fiom the EDL, and transferred 

to an experirnentai charnber, with continuous flow of the same oxygenated solution. 

Experiments were then conducted at room temperature (22OC) or the supernisate was 

warmed to 3S°C using a water jacketed heat exchanger positioned close to the 

experimental charnber. 

Procedures. Sarcomere length was rneasured by laser diffraction, as described in 

Chapter 3). The sarcornere length was established in a clear region of the bundle close 

to the force transducer, and it was rneasured at the beginning and the end of contractions. 

The advantage of measuring sarcomere length, rather than just setting the muscle at 

different initial lengths, is that a given change in muscle fibre-tendon unit length does not 

necessarily reflect a proportional change in sarcomere length. Muscle force was 

measured with a semiconductor strain gauge msducer (ENTRAN, Intertechnology 

Inc., Calgary) connected to an amplifier in a half-bridge configuration. Stimulation 

(Grass S88, Grass Insmments), was with supramaximal (IO-50V) square pulses, 0.5 ms 

duration, through two platinum wires in the expenmental charnber parailel to the muscle 

fibres. 

Each fiber bundle was used to assess either staircase (10 Hz for 10s) or posttetanic 

response (75 Hz for 1.5 s). When staircase was tested, sarcomere length was set. then 

the stimulation was applied. Three to four sarcomere lengths were tested in each 

preparation (10 min intervais between each period of repetitive stimulation. The first (PJ 

and last (Pt*) contraction in each series were collected (4000 Hz analogue to digital 

conversion) for assessrnent of the effects of the conditioning stimulus (P,*/PJ. The 

sarcornere length was aiways the same after the 10 s of stimulation as it had b e n  pnor 

to the stimulation. It is known that R-LC phosphorylation is not different at different 

lengths following 10 s of 10 Hz stimulation in sim (Chapter 5). During the 10 minute 

intervals between stimulation, control twitch contractions were elicited to venQ absence 

of force decline due to fatigue and/or fiber damage. 



To assess the length-dependence of posttetanic response, twitch contractions at 10 s 

intervals were obtained at a variety of sarcomere lengths both prior to (PJ and following 

(Pt*) a tetanic contraction which was elicited at optimal length (the length which gave the 

strongest tetanic contraction). The fkst nvitch contraction was obtained 30 s after the 

tetanic contraction, and the subsequent twitches were collected with 10 s intervais. These 

procedures follow closely what was done by Moore and Persechini (1990), who have 

shown that at rwm temperature R-LC phosphorylation and P,*/P, foilowing a tetanic 

con traction renirn to baseline very slowly. 

Postactivity twitch amplitude was evaluared after 10 Hz for 10 s at 3S°C, 10 Hz for 10 

s at room temperature, and 75 Hz for 1.5 s at room temperature. In each case, the 

amplitude of developed tension expressed relative to a control twitch (P,*IPJ was 

proportional to sarcornere length, with a negative dope. 

When stimulation was 10 Hz for 10 s, at 3j°C, there was a staircase potentiation (P,*/P, 

> 1) which was evident at all sarcomere lengths studied (range = 2.4 pm- 3.6 pm). 

Figure 7A illustrates the force-length relation for twitch contractions obtained at the start 

and end of 10 s of 10 Hz stimulation at aich of 4 different sarcomere lengths in a @en 

muscle preparation. Two features of the force-length relationship should be noted. The 

obvious point is that enhancement of developed tension, whether expressed in absolute 

or relative (P,YPJ tems, is much greater at short sarcornere lengths than at long 

sarcomere lengths. The second point is that the shape of the force-length relation relative 

to sarcomere length has shifted, such that optimal length (peak of the force-length 

relation) for potentiated contractions is less than optimal length for nonpotentiated 

contractions. This pattern is apparent as an increase in developed tension going from 2.4 

pm to 3.1 prn prestaircase, as opposed to a decrease over this length range for 

poststaircase twitch contractions. 
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Sarcomere length (pm) 

F o i r e  7. An example of the length-tension relation observed in the expenments 
conducted at 35' C. Each pair of points (prestaircase, solid iine vs. posutaircase, dashed 
line) was obtained at the start  (PJ and end (Pt*) of 10 s of 10 Hz stimulation at a given 
sarcomere length. In the lower panel (B), the relative tension (P,*/PJ is presented as a 
function of sarcomere length. Data From 4 muscles are shown. Regression analysis gave 
2=0.74 and Pt*/Pt = -0.59.SL +3.22 (where SL is sarcornere length). 
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The relative enhancement of force (Pt*/PJ is presented in Figure TB, showing the strong 

Length-dependence of the staircase response, and the vimial absence of potentiation at 

long sarcomere lengths. 

Stimulation at 10 Hz for 10 s at 22OC always resulted in potentiation at short sarcomere 

lengths, but potentiation was not always observed at long sarcomere lengths. A 

representative experiment is shown in Figure 8A. Again there appears to be a shift to 

the left in the Iength at which the peak developed tension occurs. Figure 8B presents 

P,*IP, for staircase at a v d e t y  of jarcomere lengths in muscles incubated at 22°C. The 

magnitude of potentiation is less than the magnitude at 35OC, but the length-dependence 

is st i l l  quite evident. 

Twitch contractions following tetanic contractions were potentiated only at short 

sarcomere lengths (22OC). At longer sarcomere lengths, posttetanic depression was 

apparent. That is, the posttetanic twitch was of a smaller amplitude than the pretetanic 

twitch (PtIP, < 1). This is clearly evident in the representative experiment illustrated 

in Figure 9A. In studying posttetanic potentiation, the length tension relation for twitch 

contractions was obtained in sequential contractions at different lengths, both pnor to and 

after a tetanic contraction at optimal length. For this reason, the force-length relation 

is more clearly defined in these experiments than in the staircase experiments, for which 

twitch contractions were obtained at a given length prior to and after repetitive 

stimulation at that sarcomere length. In Figure 9A, the length associated with maximal 

twitch amplitude is cleariy shifted to the left in the posttetanic contractions. In spite of 

the posttetanic depression which was evident in these experiments, there was a marked 

length-dependence of the posttetanic twitch amplitude (see Figure 9B). 

DISCUSSION 

The primary purpose of this study was to determine if there was a fundamental difference 

in the length-dependence of staircase and posttetanic twitch contractions. 



Sarcomere length (pm) 
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Figure 8. An example of the length-tension relation observed in the experirnenu for 
staircase at 22'C. Individual points represent twitch contractions either pnor to (Pt, solid 
ke) or after 10 s of 10 Hz stimulation (P,*, dashed line) at selected sarcomere lengths. 
Similar to the situation at 3 5 T ,  potentiation was greater at short sarcomere lengths than 
at long sarcomere lengths. In B, the results from 5 muscles are shown. In this case (as 
in Figure 2B), the tension is expressed as poststaircase developed tension divided by 
prestaircase developed tension. Regression analysis gave s= 0.48 and Tension = - 
0.39.SL + 2.34 (where SL is sarcomere length). 
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figure 9. The twitch developed tension at various sarcomere lengths is show in A for 
contractions obtained pnor to and &ter a 1.5 s tetanic contraction at 75 Hz when bath 
solution temperature was 22 ' C. In this case, like for staircase, there was enhancement 
of developed tension at short sarcomere lengths, but unlüce the case for staircase, there 
was a clear force depression at long sarcornere lengths. As seen in B. the po~ttetanic 
developed tension when expressexi relative to the pretetanic developed tension at that 
sarcomere length decreases with increases in sarcomere length. The results fiom 4 
muscles are shown. Regression analysis gave ? =0.80 and Tension = -0.50aSL + 2.45 
(where SL is sarcornere length) . 



n i e  resuits of the experiments reporteci in this papa confirm that both staircase and the 

posttetanic response have a length-dependence, and that the activitydependent change in 

twitch amplitude is inversely proportional to sarcomere length in both cases. These 

observations for staircase at 35*C represent a confirmation o f  the lengthdependence 

which has been reported previously at physiological temperatures (Wallinga-de longe, 

1979; Roszek et al. 1994). Close and Hoh (1968a) aiso observed a lengthdependence 

of potentiation after 10 Hz repetitive stimulation in frog muscle at 20°C. 

The observation that the magnitude of the posttetanic twitch response (P,*/PJ is related 

to length with a negative slope is in direct contrast with a previous report (Moore and 

Persechini, 1990), but is consistent with data of Roszek et al. (1994), who reported that 

in the medial rat gastrocnemius muscle (at 270C) decreasing stimulation fkequency 

resulted in enhanced low frequency responses in cornparison with 1 s of stimulation at 

a given frequency. They observed that the apparent enhancement was greater at short 

muscle lengths. The similarity of the response with staircase and posttetanic potentiation 

indicates that the two forms of activicy-dependent potentiation probably occur via a 

similar mechanism. It is generally thought that the mechanisrn of potentiation is 

associated with regdatory light chah phosphorylation. 

The fact that lenpth-dependence o f  staircase at 22OC was similar to the length-dependence 

of staircase at physiological temperature, confirms that there is not a temperature- 

dependent change in the apparent mechanism which effects the length-dependence of 

staircase potentiation. In staircase, the siope and the intercept of the relationship between 

P,*IP, and sarcomere length was lower at 22OC than when staircase was conducted at 

3S°C. These differences were such thar there was always greater potentiation at 3S°C 

at any length. This is consistent with previous reports that greater activity-dependent 

potentiation is obtained at warm temperature than at room temperature (Close and Hoh, 

1968b; Krarup, 1981c; Walker, 1951). 

It is interestinp that the twitch contraction after a brief tetanic contraction at 22OC 



demonstrated potentiation when the response was measured at short sarcomere lengths, 

and depression when the response was measured at long sarcornere lengths. This is 

consistent with the obsemation of Krarup (1981~) that in the poststimulation period at 

room temperature, there are both factors which enhance subsequent contractile response 

and factors which diminish the contractile response. Kranip (198 1c) reported that the 

dissipation of the depression of force was faster than the dissipation of enhancement, 

such that after a period of time, the enhancement became evident. In the case of the 

posttetanic contractions reported here, the enhancement apparently predominated at a 

short length, while depression was evident at long sarcomere length. This indicates that 

the factor(s) resulting in depression may have a mechanism which is length-dependent. 

Alternatively, the depression rnay be similar at al1 lengths, and the potenhating effects 

rnay be the only factor which is length-dépendent. 

The depression of twirch amplitude after a tetanic contraction rnay be a consequence of 

hydrogen ion or inorganic phosphate (Pi) accumulation. It is known that decreased pH 

or increased Pi result in a rightward shift in the force-pca2+ relation (Cooke and Pate, 

1985; Cooke et al. 1988; Fabiato and Fabiato, 1978). It has b e n  demonstrated at least 

in the case for pH that the shift is more evident at room temperature than at physiological 

temperature (Westerblad et al. 1997; Wiseman et al. 1996). This factor rnay also explain 

why potentiation is less during staircase at 22OC than at 35OC. 

The mechanism for the length-dependence of potentiation rnay be related to length- 

dependence of activation. It is known that the force-length relation of submaximaIly 

activated muscle is shifted ro the nght in comparison with maxirnally activated muscle 

(Rack and Westbury, 1969; Roszek et al. 1994). This rightward shifi is apparently due 

to enhanceci sensitivity to ca2+ as muscle length is increased (Endo, 1973; Stephenson 

and Williams, 1982). Since regulatory light chah phosphorylation also results in 

increased sensitivity to ca2+ (Persechini et al. 1985), then it rnay be that there is a 

ceiling effect, and the two mechanisms are not simply additive. Light chah 

phosphorylation rnay be less effective in enhancing the contractile response at a length 



(Yang et al. 1992) when it is already enhanced by length-dependent activation. 

The data available in this study cannot discem the possible mechanisms which are 

operating to result in a length-dependence of P,IC/Pt. However, the observations in this 

papa clearly demonstrate that this lengthdependence is operative at the sarcomere level, 

and P,*/P, is proportional to sarcomere length with a negative slope, whether it is studied 

after high frequency (tetanic contraction) or after low frequency (staircase) stimulation. 

It has been reported that potentiation of a skeletal muscle twitch response is proportional 

to muscle length with a negative slope during staircase, and proportionai to muscle length 

during posttetanic potentiation. This study was done to permit direct cornparison of the 

properties of staircase and posttetanic responses with measurement of sarcomere length 

to confirm the nature of the length-dependence of these properties. Mouse extensor 

digitonim longus muscles were dissected to obtain smaU bundles of fibers which permit 

measurement of sarcomere length (SL) by laser diffraction. Twitch contractions were 

assessed prior to and after 1.5 s of 75 Hz stimulation at 22OC or during 10s of 10 Hz 

stimulation at 22OC or 35°C. The magnitude of staircase potentiation was greater at 35°C 

than 22OC, and in al1 cases the magnitude of the twitch contraction relative to that prior 

to the conditioning stimulus (Pt*IPJ was inversely proportional to sarcomere length, over 

the range 2.3 p m  - 3.7 pm. Linear regression was used to evaluate the length- 

dependence of the response, which yielded the following: P,*/P, = -0.59.SL+3.27 

(r'=0.74); P,*/Pt = -0.39aSLf2.34 (9~0.48); and P,*/P, = -0.50aSL+2.45 

(i =O. 80) for staircase at 35OC, and 22OC as well as posttetanic response respectively. 

After the tetanic contraction, depression rather than potentiation was present at long SL. 

This indicates that there may be at least two processes operating in these muscles to 

modulate the force response: one factor which enhances and a second which depresses 

the force. Either or both of these processes may have a length-dependence of its 

mechanism. 



Chapter 5 
Length-dependent potentiation and myosin light chah 

phosphorylation in rat gastrocnemius muscle 

INTRODUCTION 

There is evidence that phosphorylation of the regulatory light chains of myosin (R-LC) 

is directly related to activity-dependent potentiation of an isometric twitch contraction of 

fast-twitch skeletal muscle (MacIntosh et al. 1993; Moore et al. 1985; Moore and Stull, 

1984; Palmer and Moore, 1989). During repetitive stimulation, each transient increase 

in cytosolic free ca2* results in the formation of ca2+-calrnodulin complex. This 

complex subsequently activates the enzyme myosin light chah kinase (MLCK). This 

enzyme in turn increases the fraction of phosphorylated R-LC (Barsotti and Butler, 1984; 

Moore et al. 1985; Moore and Stull, 1984), which is known from skinned muscle fibres 

to increase the ca2+ sensitivity of force generation (Persechini et al. 1985; Sweeney and 

Stull, 1986). Hence, at a given submaxîmd ca2' concentration, there is a greater force 

development when there is a net increase in phosphate content of the R-LC. 

There is a length-dependence of twitch potentiation. Wallinga-de Tonge (1979) observed 

that the magnitude of staircase potentiation in rat extensor digitorum longus muscle 

(EDL) decreased at lengths longer than optimal. This result was confirmeci in Our 

laboratory (Chapter 4). In contrast, Moore and Persechini (1990) observed a positive 

relationship between muscle length and magnitude of posnetanic potentiation in mouse 

EDL at a given level of R-LC phosphorylation. These authors (Moore and Persechini, 
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that the observation reported by Wallinga-de Jonge (1979) could be 

magnitude of R-LC phosphorylation after staircase at a long muscle 

than at a short length. This would be consistent with their own 

observation that R-LC phosphorylation was less following a 1.5 s tetanic contraction at 

a long length than d e r  similar tetanic contraction at optimal tength. However, Barsotti 

and Butler (1984) observed no difference in R-LC phosphorylation after a 1 s tetanic 

contraction at optimal length compared to a 1 s tetanic contraction at lengths longer than 

optimum. Furthemore, because activation of MLCK is ~ a ' +  dependent, and it has been 

suggested that the caZi transients are smailer at short lengths than at long lengths (Lopez 

et al. 1981; Ridgway and Gordon, 1975), it would be expected that R-LC 

phosphorylation would be less at short lengths, not greater as suggested by Moore and 

Persechini (1990). 

Clearly, there is a need to evaluate the length-dependence of stairwe, and in particular 

the magnitude of R-LC phosphorylation following a brief period of repetitive stimulation 

at different lengths. in this study, we tested the hypothesis proposed by Moore and 

Persechini (1990) that length-dependent staircase potentiation is modulated directly by 

phosphorylation of R-LC. To evaluate this hypothesis, the extent of potentiation and R- 

LC phosphorylation in the rat gastrocnernius muscle was measured after 10 s of 10 Hz 

repetitive stimulation at different muscle lengths. 

Female Sprague-Dawley rats weighing 160-200 grams were used for this study. Rats 

were housed in a room with a 12: 12h 1ight:dark cycle, and standard rat chow and water 

were provided ad libinun. Care and treatment of these animals was according to the 

Canadian Council on Animal Care, and ail procedures were approved by a cornmittee for 

the ethical use of animals for research (University of Calgary). 

Muscle length determination in vivo. The animals were deeply anesthetized with 



intramuscular injections of ketamine-xylazine (ketamine 100 mgIrni, xylazine 100 m g / d ,  

mixed 85: 15 IM; dosage: 0.22 ml). A deep level of anesthesia was mauitained 

throughout the procedures with supplernental injections when needed. In vivo length of 

the gastrocnernius muscle in each animal was measured before isolation of this muscle 

for contractile assessment. The gastrocnemius muscle length was defined as the distance 

between the most proximal and the most distal ends of the muscle fibres, and it was 

measured with a vernier scale (calipers model Measy 2000, Switzerland, error < 0.03 

mm). The mean (+ SEM) muscle length measured in vivo was 27.87 & 0.23 mm. T h i s  

measured length was used to calculate 10 5% of the muscle length, to aiiow adjustment of 

the muscle length during the experiment, relative to an expenmentally determined 

optimum. 

In siru muscle preparation. The triceps surae were exposed and the gastmcnemius 

muscle was cleared from connective tissue. Insertions of the soleus and plantaris muscles 

were detached from the Achilles tendon and were partially separated from the 

gastrocnemius muscle. The calcaneus was cut and the Achilles tendon was connected to 

an isometric force transducer (model Grass FTlO with blacWblue springs) via a thin 

stainless steel wire and the sciatic nente was severed close to the spine. The distal stump 

of the cut sciatic nerve was placed across a pair of stainless steel wire electrodes for 

indirect stimulation of the left gastrocnemius muscle. The hindlimb was irnmobilized 

with two pins: one placed perpendicularly into the femur and the other axially in the 

severed tibia. The loosened skin from the hindlimb was stretched and anchored to form 

a pocket which was fiiled with mineral oil. Rectal and oil bath temperatures were 

monitored and regulated at - 37OC throughout the experiment using radiant heat. At the 

end of the expenment, the rats were sacrificd with an intracardiac injection of KCI. 

Muscle length adjustments during the experiments. Optimal muscle length 6,) was 

set during the expenment at the length which gave the greatest developed tension PT) 

in response to paired pulses of stimulation (5 ms delay). Paired pulses were used 



because it is considered more likeiy to result in optimal overlap of the myofilaments than 

using the maximal response to a single pulse of stimulation, which is thought to 

overestimate the optimal length (Lopez et al. 198 1). 

The experiments were canied out at Lo - IO%, Lo and L, + 10%. These changes in 

muscle length were based on the in vivo muscle length masurement. The force 

transducer was mounted on a rack and pinion device which allowed fine adjustments in 

the position of the transducer (4 mm per rotation), and thus in muscle length. Prior to 

each sequence of repetitive stimulation, Lo was determined with a series of double pulse 

contractions, and length was subsequently changed (I 10%) as necessary, relative to this 

expenmentall y determined optimum. 

In the rat gasgasvemius muscle a large percentage ( - 60-65 1) of the distance between the 

most proximal and the most distal end of the muscle fibres consists of tendon (Huijing 

et al. 1994). In this study, we assumed that the tendon during passive stretch is 

relatively inextensible, resulting in no significant contribution to change in muscle length 

at rest. Also, we assumed that a 10% change in the estimated muscle length would result 

in a similar sarcornere length change in al1 of the mimals, Le., geometry of the 

gastrocnemius muscle is similar fiom one animal to another. It was expected that 

changes of 10% in the muscle tendon complex as used in this study would change the 

length of muscle fibres by approximately 21 % . This estimation assumes that about 13 % 

of the length change is explained by change in the angle of pinnation (Huijing et al. 

1994). 

Force meanirements at different muscle lengths. Single isometric twitch contractions 

prior to repetitive stimulation and twitches during 10 s of 10 Hz stimulation were 

assessed at three different timekonditions during each experiment: Lo - 1046, L, and L, 

+ 10%. The order in which the lengths were studied in a given animai was randomized 

in a baianced design. 



Immediately following the last repetitive stimulation protocoi, the gastrocnemius muscle 

was frozen with clamps precooled in liquid nitrogen for subsequent R-LC 

phosphorylation analysis. The muscle was cut from the animal with the clamps in place, 

and the entire assembly (clamps and muscle) was plunged into the liquid nitrogen. A 

signifiant portion of the gastrocnemius muscle was rapidly fiozen in this process, and 

the parts of the muscle tissue that were not completely covered by the precooled clamps 

was discarded before storing the remaining muscle sample at a temperature of -70°C. 

The freezing procedure (clamp, cut and plunge) was completed in a few seconds, and it 

is reasonable to expett that the portion of the muscle between the tongs was frozen 

before the muscle was cut from the animal. This procedure has been used successfully 

before with this in siru preparation (MacIntosh et al. 1993; Tubman et al. 1996a; 

Tubman et al. 1996b). 

Thirty-six animds were used in this part of the study, giving 12 muscles frozen after 

staircase at each length (L, - IO%, L, and L, + 10%). Three additional groups were 

formed with animals that did not undergo repetitive stimulation. The muscles were 

frozen for analysis of R-LC phosphorylation after 10 minutes of inactivity at each of the 

length conditions (n = 6 at each length) . 

Muscle stimulation procedures. Stimulation (Grass Mode1 S88) was done with 

supramaximal square pulses, 50 ps in duration (1-10 V). In these experirnents, there 

were three periods of stimulation, one including staircase at each designated length. In 

each p e n d  of stimulation, paired pulses were initially used io set the muscle at L,. 

Subsequently , a twitch contraction was recorded to permit assessrnent of fatigue. The 

muscle length was then adjusted to the required position and four twitch conmctions (20 

s interval) were elicited. The last of these contractions was used to assess the twitch 

characteristics associated with each length condition. The muscle was then stimulated 

(single stimuli) for 10 s at 10 Hz, and twitch contractions were recorded at 0, 5 and 10 

S. After the repetitive stimulation, the muscle was permitted 10 min of inactivity (rest) 

to allow dissipation of the potentiating factors associated with the repetitive stimulation, 
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and more specifically to permit R-LC phosphorylation to return to resting levels. 

In addition to the procedures described above, when Lo + 10% was the first length to 

be assessed, twitch contractions at Lo were recorded pnor to and 10 min after the 

repetitive stimulation. These twitch contractions were used to determine if muscle fibre 

darnage resulted from this condition, since this may occur as a result of stimulation of 

a stretched muscle (Brooks and Faulkner, 1990). 

Digitized (4000 Hz) contractions were analyzed by computer for the following 

parameters: developed tension PT), measured as the amplitude difference between the 

resting tension and the peak of the contraction; contraction time (Ç), measured from the 

first detectable increase in tension to the peak of the hÿitch; average rate of force 

development (d~mc;'), detemined as the developed tension divided by contraction time; 

haif-relaxation time (HRJ, the time measured from the peak of the contraction until 

tension decreased half way to the initiai tension; and peak rate of relaxation (d~*dt-',d, 

determined as the maximal rate of tension deciine over 10% of the relaxation phase of 

the twitch. 

Myosin regulatory light chah phosphorylation. The fiozen muscle samples were 

analyzed to determine the proportion of phosphorylated regulatory iight chains (R-LC). 

The procedure used for analysis of R-LC phosphorylation has been described previously 

(MacIntosh et al. 1993; Tubman et al. 1996a; Tubman et al. 1996b; Moore and Stull, 

1984; Silver and Stull, 1982). The muscle was first pulverized by percussion in an 

aluminum device precooled in liquid nitrogen, then approximately 8-10 mg of frozen 

tissue was homogenized at O°C with a Polytron which remained in a cold chamber, and 

subsequentiy centrifugai (15 min. in the cold at 1500 X g). The resulting supernatant 

was removed and stored in a freezer (-7PC) for subsequent analysis. 

The supernatant was subjected to pyrophosphate polyacrylamide gel electrophoresis to 

isolate the myosin (gel composeci of 40 m M  sodium pyrophosphate, 20 % glycerol, 200 



m M  ethylenediamineteuaacetate, 0.375 M sodium fluoride and 3 % bisacrylamide, at a 

pH of 8.8). Gels undenvent electrophoresis (90 V) for 3.5 hours at O°C. The myosin 

band was identified with Coornassie Blue stain (R-250, Sigma), cut from the gel, and 

stored in a freezer (-70°C), usually ovemight. 

The isolated myosin was subsequently denatured and subjecied to isoelectric focusing 

over a pH range of 4.5 to 6 to separate the phosphorylated from the nonphosphorylared 

light chains. Gels from isoelectric focusing were fixeci with 15 % trichloroacetic acid, 

and then silver stained to identiQ the bands representing the Light chains. The gels were 

subsequently scanned using a laser densitometer (LKB 2202 Ultroscan), and the 

phosphate content was expressed as moles of phosphate per mole of total R-LC. 

Statistical analysis. A one-way andysis of variance with repeated measures was used 

to compare single twitch contractions at L, recorded after adjustment to the three lengths 

(L, - IO%, L, and Lo i 10%) to detect potential fatigue effects. A one-way analysis of 

variance with repeated measures was aiso used to compare the twitch contractions at L, 

before and after the muscle undenvent repetitive stimulation at L, + IO%, when this was 

done at the first intervention during the experiments. This procedure aliowed us to check 

for a possible decrease in DT that may have resulted from tissue damage. 

Contractions obtained during repetitive stimulation for each of the three conditions (L, - 
1096, Lo and Lo + 10%) were analyzed for DT, Cc, lh&, ~POC;' and d~.dt-l,,. A 

two-way analysis of variance (muscle length, time) with repeated measures, was done for 

each of these contractile parameters. For cornparison of R-LC phosphorylation arnong 

the three muscle length conditions and the different acîivity States (resting and 

stimulated), a two-way analysis of variance was used. 

When appropriate, within condition and between condition comparisons estabiished a 

priori were done with Snident Newman-Keuls test. A significance level of p < 0.05 was 

used in al1 comparisons. 



Single twitch contraction. The magnitude of the hvitch DT was not different when 

measured at L, at different times dunng the expriment (Le., before the muscle 

undenvent repetitive stimulation at the various lengths). This finding suggests that there 

was not a fatigue effect dunng the experiments. Also, for those muscles exposed to 

repetitive stimulation at L, + 10% in the fust condition, there was no difference in DT 

between twitch contractions elicited before and 10 min after 10 s of 10 Hz stimulation. 

Therefore, inüa-animal differences in force magnitude were not apparently aue to 

damage in muscle fibres because of stimulation at elongated muscle lengths. 

The characteristics of a single twitch contraction at different muscle lengths are presented 

in Table 1. The differences found between muscle length conditions for DT, Ct, 'AR,, 

~POC;' and d~odt'l,,, were similar to those reported previously (Wallinga-de Jonge et 

al. 1980). The decrease in DT at muscle lengths other than optimal, together with the 

prolongation of C, and IhR, during twitch contractions at lengths beyond optimal, 

supports observations of others who used the whole EDL of the rat (Wallinga-de Jonge 

et al. 1980) or the soleus muscle from the cat (Rack and Westbury, 1969). A decrease 

in force of 17.2 1 at long muscle lengths is somewhat less than results from studies that 

measured the sarcomere length directly, where a decrease of - 30 % is reported for tetznic 

contractions at the same apparent fiber length (Stephenson and Williams, 1982; ter Keurs 

et al. 1984). However, this result is not surpnsing, sïnce it has been shown that 

preparations that use futed length contractions give greater developed tension in the 

descending limb of the force-length reiationship than contractions where sarcomere length 

is controlIed dunng the contraction. For example, Granzier and Pollack (1990) observed 

a decrease as smail as 10% at a similar fiber length, usùig fixed-end tetani in the 

semitendinosus muscle from the frog. Furthemore, since length dependence of 

activation permits an increase of twitch amplitude as length is extended beyond optimal 

overlap, it is not surprising that the decrease in DT at the long length was not as great 

as the decrease at the short length. 



TABLE 1 

Parameters of a twitch contraction at different muscle lengths (mean f SEM). 

DT, developed tension; d ~ a ~ ; ' ,  average rate of force development; d~@dt&',  peak 
rate of relaxation; q, contraction time; %R, , half-relaxation time. 

Lo, optimal length, L, - 10%; optimal length less 10%; Lo + IO%, optimal length 
plus 10% 
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Repetitive stimulation. Stimulation at LO Hz for 10 s resulted in a staircase response 

at ail three muscle lengths studied. The results of a typical expriment are presented in 

Figure 10, showing superirnposed traces of twitch contractions recorded at 0, 5 and 10 

s of 10 Hz stimulation. It is clear from these tracs that the degree of potentiation is 

inversely related to the muscle length. At L, - IO%, the increase in twitch DT from O 

s to 10 s of stimulation is greater than at the other lengths. Furthemore, the pattern of 

relaxation diffen in the three conditions studied. When the muscIe was stretched beyond 

L, the relaxation time becarne Longer and the d ~ ~ d r ' , ,  became slower. 

The effects of length on potentiation of the isometric twitch are shown in Figure 1 IA 

(absolute values) and Figure 11B (expressed as the developed tension relative to the first 

twitch contraction). Similar to that shown from a typical expriment (Figure IO), a 

staircase response was present in dl conditions, where the mean DT increased during 10 

s of 10 Hz repetitive stimulation. When these values were expressed relative to the fust 

twitch contraction (figure 1 l b), the length dependence of staircase potentiation was more 

evident. In agreement with Wallinga-de Jonge (1979), the degree of potentiation was 

inversely related to the muscle length; the magnitude of enhancement of the DT was 

greater at L, - 10% and smaller at L, + 10%. These results also agree with findings 

of Roszek et al. (1994), who reported a higher degree of potentiation during low 

frequency stimulation (15 and 20 Hz) at lengths below optimum, when compared to 

optimum, in the rat gastrocnemius muscle. However, these data are c o n w  to results 

observed during posttetanic potentiation (Moore and Persechini, IWO), where musctes 

at lengths greater than optimum presented a higher degree of force enhancement. These 

conflicting results may be due to differences in the conditioning stimuli, since Moore and 

Persechini (1990) used a fixed tetanic contraction at optimal length, and measured 

posttetanic potentiation by changing lengths during subsequent twitches. Conversely, we 

have used repetitive stimulation at each muscle length. 

The increase in DT during repetitive stimulation was accornpanied by an increase in 

~POC;' in the three length conditions (Figure 12A). 



E i r e  10. Twitch contractions recorded at 0, 5 and 10 s of 10 Hz stimulation for the: 
(A) Lo -IO%, (B) Lo and (C) L,, + 10% conditions, during one typical experiment. 



Time (s) 

Figure 11. Developed tension vs time for 10 s of repetitive stimulation at 10 Hz. Values 
of developed tension are in newton (A), or expressed as % of the first twitch contraction 
recordai at O s (B). Each symbol represents mean f SEM, and astensks (*) represent 
a significant dfierence @ < 0.05) between groups at a given time. 



T h e  (s) 

figure 12. Average rate of force deveiopment (A) and peak rate of relaxation (B) vs time 
for 10 s of repetitive stimulation at 10 Hz. Each symbol represents mea. + SEM, and 
asterisks (*) represent a signifiant difierence @ < 0.05) between groups at a given 
time. 



This parameter followed the same pattern of change as DT, with a greater increase 

observed at shon lengths. This close relationship between increases in DT and rate of 

force development has b e n  observed previously in studies that show staircase 

potentiation of marnrnalian skeietal muscle (Machtosh et ai. 1988). When normalized 

for the first twitch contraction recorded, the relative increases in d ~ a ~ ; '  observed at 10 

s were different between al i  lengths (101.6 + 7.7%, 55.6 f 4.1% and 37.2 + 4.4%, 

for L, - 10 % , L, and L, + 10 % , respectiveiy) . At L, and L, + 1046, the dPdt-lm, 

increased from O s to 5 s then plateaued, but at L, - 10% a further incrase in d~adt-lm, 

was observed from 5 s to 10 s (Figure 11B). When expressed in reIative terms, changes 

of 201.1 f 21.7%, 90.5 f 9.2% and 85.3 6% were observed over the IO s of 

repetitive stimulation at Lo - IO%, L, and L, + IO%, respectively. 

Values for C, and %R, of the isometric rwitch contractions during 10 Hz stimulation are 

presented in Figure 13. The values of C, did not change during the staircase response 

at any muscle length, as shown previously at optimal length (MacIntosh et al. 1988). In 

all conditions (Lo - 10 Z , Lo and Lo + 10 9) there was a decrease in 'AR, from O to 5 s, 

and no further change from 5 to 10 S. At 10 s, the values of lhR, norrnaiized for the first 

twitch contraction were not different between these length conditions (78.4 + 2.8 56, 85.7 

+ 2.4% and 80.8 + 2.7%). - 

Figure 14 shows the gel analysis, and the scan results from typical muscles fiozen at rest 

(A) and under potentiated (i3) conditions (in this case at La. It is clear that the bands 

representing the phosphorylated lighr chahs are different at these two different 

conditions, as are the peaks collectai fiom the densitometer used in quantification of R- 

LC phosphorylation. Figure 15 shows the mean values of R-LC phosphorylation for the 

stimulated (n = 36) and rested muscles (n = 18). Although the poststimulated muscles 

showed a higher R-LC phosphorylation than the rested muscles, as expected (Machtosh 

et al. 1993; Moore et al. 1985; Moore and Stull, 1984; Palmer and Moore, 1989), no 

differences were observed among Lo - LOI, Lo and L, + 10% for either the resting or 

after 10 s of 10 Hz stimulation. 



t a I I 1 
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Tirne (s) 

Figure 13. Contraction time and half-relaxation time vs tirne of 10 s of repetitive 
stimulation at 10 Hz. The solid lines show contraction time in the different conditions, 
and the dotted lines show the half-relaxation time. Each symbol represents mean f SEM. 



LC1 

R-LC 
R-LC" 

LC3 

LC1 

R-LC 
R-LC* 

LC3 

iA 
9 

I 
I 

R-LC LC 1 

Figure 14. Pyrophosphate-polyacrylamide isoeletric focussing gel illustrating the 
separation and identification of the three myosin Sght chains of the rat 
gastrocnemius muscle. The gels were scanned by a Hewlett Packard Scan Jet IIc. 
Diagram A represents the resting conditions and diagram B represents the post- 
stimulated condition (10 s of 10 Hz stimulation). Each lane shows the light chah 1 
(LCl), the non-phosphorylated form of the regulatory light chain (R-LC), the 
phosphorylated form of the regulatory light chain (R-LC*), and the light chain 3 
(LC3). In the same figure, the laser densitometer scan of the corresponding gel is 
shown. The area under the peak representing the R-LC* was used to calculate the 
phosphate content, expressed as percent of the total (R-LC + R-LC*) regulatory 
light chains present in the sample. The number over each peak represents the 
relative position of the band in the specific lane analized on the gel. 
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Figure 15. Myosin regulatory light chab phosphorylation at three muscle length 
conditions, for rested and potentiated (10 s of 10 Hz repetitive stimulation) muscles. Each 
vertical bar on top of the colurnn represents SEM. 



DISCUSSION 

As in previous studies (Lopez et al. 198 1; Moore and Persechini, 1990; Wallinga-de 

Jonge, 1979), it was observed that changes in muscle length affected potentiation. 

Funher, the degree of staircase potentiation was inversely related to the muscle length, 

sirnilar to previous observations (Roszek et al. 1994; Wallingade Jonge, 1979; Chapter 

4). An increase in phosphate content of the R-LC during repetitive stimulation was also 

observed in our results. consistent with previous investigations (MacIntosh et al. 1993; 

Moore and Stuil, 1981; Palmer and Moore, 1989), suggesting that potentiation is 

associated with R-LC phosphorylation. However, this increase was essentially 

independent of muscle length, suggesting that R-LC phosphorylation does not directly 

modulate the length-dependence of staircase. This observation does not permit resolution 

of the apparently contradictory results benveen the degree of potentiation during staircase 

(Wallinga-de Jonge, 1979) and dunng posttetanic potentiation (Moore and Persechini, 

1990) at various lengths. 

Our results seem to indicate that either factors in addition to R-LC phosphorylation 

contribute to stakcase potentiation or the effects of R-LC phosphorylation on potentiation 

of a twitch contraction are changed at different lengths. This latter effect could be 

modulated by the intefiament distance (Yang et ai. 1992), or changes in processes 

involving ca2+ activation in the m yoplasm (Palmer and Moore, 1989). 

Stretching the muscle causes a decrease in interfilament space (Martyn and Gordon, 

1988). This decrease may be responsible for an approximation between actin and myosin 

(Adhikari and Fajer, 1996), and may result in altered force generation in muscle during 

submaximal activation, as suggested by Fuchs and Wang (1991). It is possible that this 

decrease in interNament space as the muscle is stretched aiso changes the effect of R-LC 

phosphorylation in staircase potentiation. If potentiation via R-LC phosphorylation is 

caused by an increase in the average cross-bridge position away from the thick filament, 

as suggested by Sweeney et al. (1993), the impact of this effect could be diminished at 



longer muscle Iengths. This hypothesis would be consistent with Our resdts, i.e., a 

given level of R-LC phosphorylation had a greater effect on the force enhancement at 

shon lengths, where the interfilament space is greater. Nso, this would agree with 

observations of Yang et ai. (1992), who observed an absence of R-LC phosphorylation- 

induced potentiation at a sarcomere length of 3.2 pm, at submaximal ~ a ' '  

concentrations. 

It is known that R-LC phosphorylation affects the degree of potentiation more effectively 

at conditions of low ~ a ' '  concentration (Sweeney and Stull, 1986; Persechini et al. 

1985; Metzger et al. 1989; Sweeney and Stull, 1990) or during attenuated sarcoplasmic 

reticulurn ca2' release (Palmer and Moore, 1989). It has been observed in frog skeletal 

muscles that the amplitude but not likely the duration of ~ a ' +  transient in response to a 

single stimulation is diminished at shon lengths, and activation induced by ca2+ release 

increases in muscle elongated beyond optimal length (Lopez et al. 1981). If this is m e  

for mammalian skeleral muscle, this would result in a greater effect of R-LC 

phosphorylation on force enhancement at shortened muscle length, as we observed at Lo - 

10%. Convenely, a decreased effect of R-LC phosphorylation on potentiation of a 

twitch contraction wouid be expected at L, + 10%. This is also consistent with Our 

observations. 

The changes observed in d ~ a ~ ; '  follow the same pattern as changes observed for DT: 

at Lo - 10% the increase in d ~ a ~ ; '  was greater than at L, and L, + 10%. Conversely, 

although the C, is abbreviated at shon lengths and increased in stretched muscles during 

a single twitch contraction, it does not change significantly during repetitive stimulation 

regardless of muscle length. These findings together suggest that potentiation at ail 

lengths studied was probably not related to changes in duration of activation, but rather 

to an increased intensity of activation during repetitive stimulation. This is consistent 

with the augmentation of R-LC phosphorylation during 10 Hz stimulation observai at ail 

length conditions. Since it is expected that R-LC phosphorylation increases ca2+ 
sensitivity of force generation (Sweeney and StulI, 1986) and rate of tension development 
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(Vandenboom et al. N%), these effects would increase DT without affecMg contraction 

time. 

However, it is s a n g  that R-LC phosphorylation was similar at ail lengths studied; a 

decreased level of ~ a ' +  liberated fiom the sarcoplasmic reticulum during a twitch 

contraction would be anticipated to reduce the quantity of the ~a'~.calmodulin complex 

availabie to bind with MLCK. In this case, if ~ a ' +  release is diminished at short 

lengths, then activation of MLCK would be reduced at L, - 101, r e s u l ~ g  in a smaller 

increment in phosphorylation of R-LC. Perhaps changes in the magnitude of the ~ a ' +  

transient during repetitive stimulation could explain Our observations. For example, if 

the ~ a ' +  transient associated with the first stimulus was of relatively smail amplitude 

(integral), but successive ca2+ transien ts were augmentai, then after 10 s, the same 

degree of R-LC phosphorylation could be achieved. This pattern of change in ca2+ 
transients would also explain the greater enhancement of the hvitch response dunng the 

repetitive stimulation at the short length. It should be cautioned however, that at the 

present time it is not known whether or not the amplitude andlor time course of these 

Ca2+ transients change during repetitive stimulation. One indication that the caZf 

transients do not change is the fact that C, is not altered during the repetitive stimulation. 

It is hown that caffeine, which enhances the twitch response by enhancing ~ a ' +  release, 

also causes C, to be increased (MacIntosh and Gardiner, 1987). 

It is recognized that the change in force over time for stimulated contractions must 

represent the combined effects of several factors which may enhance or diminish the 

force response. The net effect of these factors is expressed in the rneasured response (in 

this case, DT) at a given time. Therefore, it is conceivable that the observation of a 

greater potentiation at short lengths than at long lengths could be the result of greater 

fatigue (negative influence) at the longer lengths. This, however, is in contrast with 

several reports which have shown greater fatigue at short lengths than at long lengths 

(Sacco et al. 1994; Aljure and Borrero, 1968; Gauthier et al. 1995; Gauthier et al. 1993). 

These observations do not confinn that stimulation at 10 Hz for 10 s will resuIt in less 
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fatigue at a given leng th, but they suggest that differences in length dependence of fatigue 

will not Wrely contribute to the observed differences in Nntch potentiation at a given 

level of R-LC phosphorylation. 

Previous investigation showed that the increased ca2+ release from the sarcoplasmic 

reticulum observed at suetc hed muscle lengths was achieved without length-dependent 

changes in ca2+ uptake or ~ a ' +  binding properties (Ridgway and Gordon, 1975). With 

more ~ a ' +  in the myoplasm at elongated muscle lengths and no length-dependent changes 

in ca2+ uptake, it may be expected that 'AR, would be increased. Prolongation of 

relaxation at a long muscle length was in fact observed in this study. Mechanical factors 

related to passive stiffhess rnay also contribute to slowhg of relaxation at long sarcomere 

lengths. 

This study has shown diat Iength-dependent staircase potentiation in marnrnalian skeletal 

muscle is not directly modulated by R-LC phosphorylation. Interaction of R-LC 

phosphorylation with release and/or myofdament Iattice spacing may be responsible 

for the length-dependence of staircase potentiation, and these possibilities need to be 

investigated in further studies. 

Changes in muscle length affect the degree of stairwe potentiation in skeletal muscle, 

but the mechanism by which this occun is unknown. In this study we tested the 

hypothesis that length-dependent change in staircase is modulated by phosphorylation of 

the myosin regulatory light chahs (R-LC), since this is believed to be the main 

mechanism of poten tiation. In situ isornetric contractile responses of rat gastrocnemius 

muscle during 10 s of repetitive stimulation at 10 Hz were analyzed at optimal length 

@J, L, - 10% and L, t 10 46. The degree of enhancement of developed tension d u ~ g  

10 s of repetitive stimulation was observeci to be length-dependent, with an increase of 

118.5 & 7.896, 63.1 & 3.9% and 45.6 & 4.1% (mean & SEM), at Lo - 1046, Lo and 



Lo + 10% respectively. Staircase was accompanied by an increase in the average rate 

of force development of 105.6 + 7.7%,55.6 + 4.146 and 37.2 f 4.496, for Lo - IO%, 

L, and L, + IO%, respectively. R-LC phosphorylation after 10 s of 10 Hz stimulation 

was higher than under resting conditions, but not different among L, - 10% (40 + 
3.51), L, (35 i 3.5%) and L, f 10% (41 + 3.5%). This study shows that there is 

a lengthdependence of staircase potentiation in mammalian skeletal muscle, that may not 

be direcdy modulated b y R-LC phospho ~lation. Interaction of R-LC phosphorylation 

with length-dependent changes in ~ a ' '  release and intermyofilament spacing may explain 

these observations. 



Chapter 6 
Length-dependence of muscle activation and twitch 

potentiation in skeletal muscle 

- -- 

INTRODUCTION 

Muscle length affects force production in skeletal muscle. The developed tension (DT) 

of tetanic contractions is maximal when muscle length pennits optimal overlap of 

myofüarnents, decreasing at shorter or longer lengths. This property of muscle gives a 

weli defined force-length relationship (Gordon et al. 1966a; Gordon et al. 1966b; ter 

Keurs et al. 1978). Furthemore, it has been shown that the force-length relationship is 

altered during submaximal activation. Close (1972a) and Rack & Westbury (1969) 

showed that the force-length relationship for twitch contractions reaches a peak at a 

muscle length longer than the optimal degree of Nament overlap. This characteristic of 

the force-length relationship has been recognized as length-dependence of muscle 

activation. 

Length-dependence of activation is likely effected by changes in ~ a ' +  sensitivity. Studies 

with skinned fiber preparations have shown that there is a lehard shifi in the force- 

pCa2+ relationship when the muscle is evaluated at a long length (Endo, 1973; Endo, 

1972; Martyn and Gordon, 1988; Stephenson and Williams, 1982), giving a greater force 

at a given ca2+ concentration. A series of studies have shown that the increased ~ a ' +  

sensitivity associated with a long length is a function of the lattice spacing (Godt and 

Maughan, 1981; Fuchs and Wang, 1991; Wang and Fuchs, 1994; Wang and Fuchs, 



1995) . When the muscle is at a long length, the filaments are probably closer together 

than when the muscle Iength is short, and this may increase the probability of 

m yosinlactin interaction. 

Caffeine has been a valuable tool in the snidy of muscle activation and ca2+ sensitivity. 

Lopez et al. (1981) have shown that when intact single fiben fiom the frog are exposed 

ta 1 m M  caffeine, the degree of force enhancement induced by caffeine is iength 

dependent: a greater potentiation is observed at short muscle lengths than at longer 

lengths. In the presence of caffeine the optimum length for hvitch force was the same 

length as the one at which maximum tetanic force was obtained. Therefore, caffeine 

abolishes the length-dependence of activation. Furthemore, studies with skinned fiber 

preparations have shown that caffeine depresses the length-dependence of activation by 

increasing ~ a ' +  sensitivity to force at short sarcomere lengths (Wendt and Stephenson, 

1983; de B e r  et al. 1988a). 

Muscle length also affects the degree of activity-dependent potentiation. When fast- 

twitch skeletal muscle at 37OC undeqoes a period of iow-frequency stimulation, the force 

of the twitch contraction increases during the fmt seconds of stimulation (MacIntosh, 

199 1; Kramp, 198 1b; MacIntosh and Kupsh, 1987). This increase in DT is known as 

staircase potentiation, and studies have shown that muscles stimulated at short lengths 

give a greater degree of staircase potentiation than muscles stimulated at long lengths 

(Close, 1972a; Wallinga-de Jonge, 1979; Roszek et al. 1994, Chapters 4 and 5). 

The mechanism responsible for stairwe potentiation appears to be an increased ca2+ 

sensitivity of the myofüaments. Repetitive stimulation results in increased 

phosphorylation of the regulatory light chains (R-LC) of myosin, and this increase is 

proportional to the degree of staircase potentiation (Manning and S tull, 1982; Moore et 

al. 1985). Studies with skinned fiber preparations have s h o w  that with R-LC 

phosphorylation, there is a lefnvard shift in the force-ca2+ relationship (Persechini et al. 

1985). Since lengthdependence of muscle activation and length-dependence of 



potentiation seem to operate via an increased ca2+ sensitivity of the myoftlaments, and 

caffeine abolishes length-dependent activation, we decided to test the hypothesis that 

caffeine also depresses the leng thdependence of twi tc h potentiation . 

In this study, female Sprague-Dawley rats weighing approximately 220 gram were used. 

These animals were housed in a rwm with a 12: 12h 1ight:dark cycle, and standard rat 

chow and water were provided ad libinun. All procedures of this study were approved 

by a cornmittee for the ethical use of animals for research. 

In situ muscle preparation. The animals were deeply anaesthetized with intramuscular 

injections of ketamine-xylazine (ketamine 100 rng.ml-l, xylazine 100 mg *ml-', mixed 

85: 15 IM; given O. 11 ml. 100g-'). A deep level of anaesthesia was maintaineci 

throughout the procedures with supplernental injections when needed. A cannula 

(polyethylene 60 tubing) was placed into the lumen of a jugular vein of the animals for 

administration of caffeine dunng the experimenü. 

The procedures for isolation of the gastrocnemius muscle have been described (MacIntosh 

and Gardiner, 1987; MacIntosh and Kupsh, 1987). Briefly, the triceps surae were 

exposed and the gastrocnemius muscle was cleared from connective tissue. The 

insertions of the soleus and plantaris muscles were detached from the Achiiles tendon and 

partially separateci from the gastrocnemius. The calcaneus was cut and the Achilies 

tendon was connected to an isometric force tmnsducer (Grass FTIO) via a thin stainless 

steel wire. The sciatic nerve was severed close to the spine, and its distal stump was 

carefully placed across a pair of electrodes for indirect stimulation of the gastrocnemius 

muscle. 

The hindlimb was immobilized with two pins, one placed perpendicularly into the femur 

and the other axially in the severed tibia. The loosened skin from the hindlimb was 



pulied up around the muscle to form a pocket which was filied with mineral oil. Rectal 

and oil bath temperatures were monitored and regulated at approximately 370C 

throughout the experiment using radiant heat. At the end of the experiment, the rats 

were killed with an inmvenous injection of saturated KCI. 

Muscle length and force measurements d u ~ g  experiments. The optimal length (L,) 

for DT was determined with a senes of double pulse contractions (5 ms delay). The 

reason for using double-pulse contractions was based on observations of Lopez et al. 

(198 1). Length-dependence of activation is absent with double-pulse stimulation, 

resulting in an estimation of L, which is not different from that obtained with longer 

tetanic stimulation. This Lo was the reference (O mm) for the other six lengths used 

during the study , ranging from -3 mm to +3 mm relative to Lo. The force transducer, 

mounted on a rack and pinion device, aiiowed precise adjustments in the position of the 

transducer (4 mm per rotation), and therefore in muscle length. 

The animals were divided into three expenmental groups, based on the different doses 

of caffeine (40 rngeml'' in Aine; 0.85, 1.70 and 2.55 mlm~g*') that were injected dunng 

the experiments. With these injections, and assuming distribution in 70% of body 

weight, caffeine concentrations would be approximately 0.25rnM (group 1, n = 8). 0.5 

m M  (group 2, n = 10) and 0.75 m M  (group 3, n =7). These concentrations have been 

shown to have minimal and transient effects on the heart (MacIntosh et ai. 1992), and 

onIy 25 % inhibition of phosphodiesterase activity would be expected with 1 mM caffeine 

(Butcher and Sutherland. 1962). With the exception of the amount of caffeine injected, 

ail groups followed the same procedures dunng the experiments. 

The test sequence of stimulation in each experiment was as follows: four twitch 

contractions at 20 s intervals; one twitch contraction at each of seven different lengths 

(2 s intervals); 10 Hz for 10 s; and one twitch contraction at each of seven different 

lengths. The fvst four twitch contractions were elicited at L,,, and were considered 

control contractions. To determine the force-length relation, one twitch was obtained at 



each length from -3 mm to + 3 mm, in 1 mm increments. The order of length changes 

(increasing or decreasing) was randomized. Stimulation at 10 Hz for 10 s at L, was 

an ticipated to result in staircase potentiation (MacIntosh, 199 1 ; Kranip, 198 1 b; 

MacIntosh and Kupsh , 1987). Immediately fouowing this, the force-length relation was 

determined again, to quanti@ the impact of the potentiating stimulation on the twitch 

response at different lengths. The fint twitch contraction recorded was - 3 s after the 

repetitive stimulation. and the interval between contractions was kept short (2 s) to 

minimize the effects of efapsed time on the measured response. 

A ten minute rest pend was permitted, then four twitch conmctions were obtained at 

Lo to assess retum to control (prestaircase) conditions. After these twitch contractions, 

caffeine was injected. Following the injection of caffeine, the stimulation protocol was 

repeated: four twitch contractions at Lo . seven twitch contractions at different lengths, 

10 s of 10 Hz stimulation, and seven twitch contractions at different lengths. The first 

four twitch contractions (at LJ in this sequence was used to evaluate the impact of 

caffeine on the twitch. The seven twitches at different lengths served to allow assessment 

of the impact of caffeine on the (twitch) force-length relationship and also served as the 

prestaircase assessment of the force-Iength relation. 

Three other groups were formed for the purpose of evaluating the impact of the 

stimulation and length changes sequence on the measured response, and to control for 

volume (vehicle) injection. In aU cases there were two series of 10 Hz stimulation with 

twitch measurements before and after, similar to Groups 1-3. Group 4 (n = 4) did not 

receive any injections of caffeine. Immediately after the 10 Hz stimulation, 7 twitches 

were elicited without changing the length (at LJ, to evaluate if potentiation would change 

during the time of data collection. The same procedure (no change in length) was 

repeated after the second 10 Hz stimulation. 

In Group 5 (n = 6) twitches elicited after 10 Hz were measured at L, for the first, third, 

fifth and seventh contraction. After each of these contractions, muscle length was either 



increased or decreased by 1 mm for one contraction, and then retumed to L. This was 

done to check the possible effects of changing the length per se on DT and potentiation. 

In th is  series of experiments, there were 6 twitch contractions obtained at L, after either 

increasing or decreasing muscle length (3 after mch episode of 10 Hz stimulation). 

These contractions were grouped accordingly (after increasing length to L, or decreasing 

length to LJ and compared with the first contraction after 10 Hz for which there was no 

length change. Finally, group 6 (n = 4) was used as sham treatment, in which saline 

without caffeine was injected pnor to the last repetitive stimulation procedure. 

Stimulation (Grass Mode1 S88 stimulator) was done with supramaximal square pulses, 

50 as in duration (1-5 V). Digitized (4000 Hz) contractions were collected during the 

expenments and analyzed by cornputer. The DT of contractions was measured as the 

arnpiitude difference between the passive tension and the peak of a twitch contraction. 

Estimation of the peak of the force-length relation. The twitch DT collected at the 

seven different lengths was used to define the force-length relationship in Our 

experiments. For every senes of 7 twitch contractions at different lengths, non-linear 

regression was done to find appropriate values for the constants a, b and c for the general 

equation: y = a + bX + CX'). This equation was then differentiated with respect to the 

muscle length (X), and set equal to zero (dyIdX = b + 2cX = O), and then solved for 

X to give the length at which maximal force was obtained. 

Statistical analysis. One-way analysis of variance with repeated measures was us4  to 

compare twitch contractions recorded in the control experiments at different times, and 

to compare the effects of caffeine on the DT. Two-way analysis of variance (time, 

condition) with repeated measures was used to compare the DT before and after 

injections of caffeine dunng the repetitive stimulation (10 Hz). Two-way analysis of 

variance with repeated measures was also used to compare the DT before and after 

injections of either saline or caffeine. A one-way analysis of variance with repeated 

measures was used to compare the length at which maximal force was obtained before 



and after 0.5 mM and 0.75 rnM caffeine, after obtaining these values from the 

procedures descnbed above. A-priori multiple comparisons were done with Newman- 

Keui's test when appropriate. The relationship between muscle length and potentiation 

for the different groups was compared by evaluating the slopes of the length-potentiation 

relationship. A value of p < 0.05 was used to establish statistical significance in al1 

comparisons. 

Twitch contractions recorded at L, before the two periods of repetitive stimulation reved 

that there was no muscle fatigue as a result of the protocol followed in this study 

@=0.25). The DT recorded before the second staircase was 98 I 2 1 of the value of 

the twitch recorded before the first staircase. 

In siru preparations similar to the one used in this study have been used extensively to 

investigate twitch potentiation (MacIntosh, 199 1 ; MacIntosh and Kupsh, 1987; Roszek 

et al. 1994). However, it was necessary to determine that the procedures chosen for the 

evaluation of the effecü of muscle length on potentiation did not have some unexpected 

effect on the measurement. More specifically, we wanted to know if: (1) the twitch 

contractions recorded dunng the data collection immediately after 10 s stimulation at 10 

Hz would still be potenaated to the same extent as during the peak of the staircase, and 

(2) the DT of twitch contractions recorded during this period would not be affected by 

changes in length per se. Using the results of Group 4, we compared the degree of 

potentiation at the end of the staircase (last contraction recorded during 10 s of 10 Hz), 

the potentiation at the iirst twitch recorded following the 10 Hz stimulation and the 

potentiation fiom the last of the seven twitch contractions recorded at L, after the 

staircase. In the first series of repetitive stimulation, the degree of potentiation was 5 1 

+ 1 46, 54 t 7 % and 49 & 8 % for the twitch at the end of 10 Hz stimulation, and the - 
fust and 7th posütaircase twitch, respectively @ = 0.92). In the second series of 

repetitive stimulation, the degree of potentiation was 50 i 7 %, 53 + 7 % and 47 t 



7 % for the three twitches, respectively @ = 0.85). 

The same approach was used with Group 5, comparing the twitches recorded at L, after 

the muscle had b e n  stretched or shortened, as explained in the Methods. Since there 

was no effect of time on the degree of potentiation (see above), cornparison of al1 twitch 

contractions preceded by shortening with ail contractions preceded by stretching without 

concern for when in the series the h t c h  was obtained seems justified. The degree of 

potentiation did not change significantly, with force increases of 57 + 11 % (fint p s t -  

staircase twitches), 60 * 5 % ( d e r  shonening) and 44 f 5 % (after stretching). The 

results of these two groups topther indicate that the protocol we chose to use did not 

result in consistent change in DT related to the pattern of length change or the time over 

which contractions were coilected. 

When comparing the DT of the sham and caffeine treated animals, a two-way anaiysis 

of variance showed a significant proup (sham and caffeine) by time mefore and after 

injections) interaction, for ali doses of caffeine used. Before injections, the DT was 

similar in the groups, but DT was greater afier caffeine injections than &ter saline. 

Therefore, the results obtained in the expenments that caffeine was used were a 

consequence of the action of this dmg, and not due to any responses of the animal to the 

injection itself. 

Caffeine and repetitive stimulation. Figure 16A shows superimposed twitch 

contractions recorded at L, before and after administration of - 0.75 mM caffeine during 

an experiment. The apparent increase in DT was associated with an increase in the 

contraction time, without changing the rate at which force is developed, as observed 

previously (MacIntosh and Kupsh, 1987). AU doses of caffeine increased twitch DT, as 

shown in Table 2, and this increase was proportional to the caffeine dose. 

Supenmposed twitch contractions recorded at 0, 5 and 10 s of repetitive stimulation (10 

Hz), before (Figure 16B) and after (Figure 16C) - 0.75 mM of caffeine show the typical 



Effects of different dosages of caffeine on twitch developed tension (N). Values are 
mean 5 SEM. 

Caffeine Before After % increase 

asterisk (*) depicts signifiant increase (p < 0.05) 



Figure 16. Twitch contractions recorded during one experiment. (A) Superimposed 
twitch contractions before and after - 0.75 mM caffeine. Note that the incrase in force 
is associated with an increase in contraction time. (B) Superimposed twitch contractions 
recorded at 0, 5 and 10 s of 10 Hz stimulation before caffeine administration. The 
increase in force is not associated with an increase in contraction time. (C) Superimposed 
twitch contractions recorded d u ~ g  10 s of 10 Hz stimulation after - 0.75 mM caffeine 
administration. Note the similarity with the stakcase recorded before caffeine. 



staircase potentiation. The twitch DT increased during stimulation without a change in 

the baseline. Note that, although the fVst hvitch contraction is bigger &er caffeine 

administration than before, the relative incrase in DT during the repetitive stimulation 

is similar in the hvo conditions. It is clear that the increase in DT d u ~ g  staircase is not 

associated with a large increase in contraction time. Figure 17 shows the mean values 

for the three experimental groups, showing a very similar pattern d u ~ g  the staircase. 

In ali cases, a two-way analysis of variance shows no significant condition by tirne 

in teraction. However, main effects are significant for both condition (caffeine) and time 

for al1 three groups. 

Effects of caffeine on the force-length relation of twitch contractions. Figure 18 

shows the force-Iength relationship for Nntches recorded before and after caffeine 

administration. Figures 18A and 18B show the effects of - 0.5 mM and - 0.75 mM caffeine, 

respectively . The peak of the force-length relationship before caffeine (0.47 + 0.32 mm 

and 0.64 & 0.36 mm, for the two groups, respectively) is shifted slightly to the right 

when compared to L, determined using double-pulse stimulation. As stated in the 

introduction, this is recognized as length-dependence of activation. When caffeine 

concentration was - 0.25 mM, this relation did not change (results not shown). Caffeine 

at - 0.5 and - 0.75 mM changed the shape of the force-length relationship such that the 

length for maximal force was now at - 0.09 f 0.12 mm and - 0.06 f 0.32 mm. 

respectively. These values were statistically different From those values obtained before 

caffeine administration. Figure 18 also shows that the degree of caffeine-induced 

potentiation is a function of muscle length, where relative force enhancement is less when 

the muscle length is longer (lower panels). and these effects are more pronounced with 

the higher dose of caffeine ( - 0.75 mM). These changes induced by caffeine eiiminate the 

length dependence of muscle activation. 

Figure 19 shows superimposeci twitch contractions recorded before and after 10 s of 10 

Hz stimulation. These traces were recorded at muscle lengths of -3 mm (ieft) and +3 

mm (nght). 
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Figure 17. Developed tension PT) recorded during repetitive stimulation for the three 
experimental groups, that received - 0.25 m M  (A), - 0.5 mM (B) and - 0.75 m M  (C) 
caffeine. Al1 groups showed a positive staircase response before and after caffeine 
treatment . 



T T ,  

Before cafXeine 
i Aftercaffeke 

Muscle length (mm) Muscle length (mm) 

Figure 18. The top panels show the force-length relationship for twitch contractions 
recorded before and after (A) - 0.5 mM and (E3) - 0.75 mM caffeine administration. Optimal 
length (L,) was defined using double-pulse contractions. The lines fitted to these curves 
represent a 2 order polynomial regression. Before caffeine, the force-length relation for 
twitches has a peak force that is located to the nght of L,. This feature represents the 
length-dependence of muscle activation. In the presence of caffeine, the length- 
dependence of stairwe is depressed, in such a way that the peak of the force-length 
relationship is at L,. The bottom panels show the relationship between muscle length and 
the degree of force enhancement after caffeine administration. Note the length- 
dependence of caffeine-induced potentiation. 



Figure 19. Superimposed twitches recorded before and after - 0.75 m M  caffeine at muscle 
lengths of -3 mm (left panels) and +3 mm (right panels). These twitches were recorded 
before and after 10 s of 10 Hz stimulation. Before d e i n e ,  the degree of potentiation 
depends on the muscle length at which the response is measured. After caffeine, this 
length-dependence is suppressed, as the force enhancement is simiiar at both lengths. 



&fore caffeine administration, there is clearly a lengthdependence of staircase, where 

the increase in DT at - 3 mm is much greater than the increase observeci at + 3 mm. 

This length dependence is highly depressed after caffeine administration, as seen in the 

lower traces after - 0.75 nM caffeine was administered. The relative increase in twitch 

DT no longer depends on the muscle length. When a concentration of -0.5 mM was 

used, the difference in potentiation was intermediate between these two examples shown 

in the figure. 

Figure 20 shows the force-length relation for twitch contractions recorded before and 

after 10 s of 10 Hz repetitive stimulation, with and without caffeine (- 0.75 mM) 

treatment. In the absence of caffeine, staircase potentiation was more evident at short 

than long lengths. This length-dependence of potentiation results in a shift in the 

apparent peak of the force-length relation, similar to that descnbed above for caffeine 

potentiation (and evident here in Figure 20). The length at which maximal force was 

obtained after staircase was 0.40 & 0.16 mm mefore caffeine) and 0.1 1 + 0.2 mm (after 

caffeine) . 

Figure 2 1 shows the relationship between muscle length and relative activity-dependent 

potentiation for two groups (control and - 0.75 mM). Without caffeine there is a linear 

decrease in the relative potentiation as muscle length is increased (DT = 1.47 - 
0.05.ML, r2 = 0.95). At a concentration of - 0.25 rnM caffeine did not affect the length- 

dependence of potentiation (not shown). The negative slope of the potentiation-muscle 

length relationship was diminished after - 0.5 m M  of caffeine (DT = 1.5 1 - 0.02*ML, r2 

= O.32), and the dope was not significantly different from zero after - 0.75 m M  of 

caffeine @T = 1.53 - 0.009.ML, r2 = 0.43). Therefore, with the highest dose of 

caffeine used in this study, there is no effect of length on the degree of staircase 

potentiation . 
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Figure 20. The force-length relationship for twitch contractions recorded before 10 s of 
10 Hz stimulation, before and after - 0.75 caffeine treatment (circles and triangles), 
respectively. Also, the figure shows hvitch contractions recorded afier 10 s of 10 Hz of 
repetitive stimulation, before and after - 0.75 caff'ine treatrnent (squares and inverted 
triangles, respectively) . AIthough there is a length-dependence of activation before 
caffeine, the shape of the force-length relationship after caffeine intervention is sirnilar 
to that recorded in ptentiated twitches. 
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Figure 21. The relationship between activitydependent staircase potentiation and muscle 
length, before and akr - 0.75 m M  caffeine. Before caffeine, the degree of potentiation 
is inversely proportional to muscle lengrh. The slope of the relationship afier caffeine is 
not different from zero, showing that length no ionger affects the degree of potentiation. 



DISCUSSION 

The main observation of this paper is that caffeine abolished the length-dependence of 

twitch potentiation when the concentration was -0.75 mM. This was accomplished 

together with the depression of length-dependence of muscle activation. Although Lopez 

et al. (1981) have shown previously that d e i n e  depresses length-dependence of 

activation in intact single cells from the frog, this is the first study to show this to be the 

w e  in intact mammalian muscle, and the first to demonstrate depression of length- 

dependence of activation with caffeine concentration less than 1 mM. 

The force-length relationship for the twitch contractions showed a peak beyond the 

optimal length for force developrnent, determinecl with double pulse contractions. Since 

double pulse contractions likely give optimal length sirnilar to that represenred by tetanic 

contractions, this finding confms that there is a length dependence of muscle activation, 

as reported previously in other mammalian muscles (Close, 1972a; Rack and Westbury, 

1969; Chapter 4). 

As reported previously, activity-dependent staircase potentiation presented an inverse 

relationship with muscle length. The degree of force enhancement was greater at short 

muscle lengths than at longer lengths. Studies with skinned fiber preparations have 

shown that when the R-LC of myosin are phosphorylated there is a l ehard  shift in the 

force ca2+ relationship, i.e. there is a greater force for a given ca2' concentration 

(Persechini et ai. 1985; Persechini and Snill, 1984). Furthemore, observations with x- 

ray diffraction in skeletal (Levine et al. 1996) and limulus (Levine et al. 1991) muscle 

have suggested that R-LC phosphorylation increases ~ a ' +  sensitivity by permithg the 

cross-bridges to swing away from the myosin backbone, closer to actin filaments. If this 

is the case in intact muscles, and based on the assumption that stretching the muscle puts 

the filaments closer together (Godt and Maughan, 198 l), then the impact of R-LC 

phosphorylation could be diminished at longer lengths, where the myosin cross-bridge 

is already closer to the actin binding sites. At short muscle lengths the Narnents wouid 



be further apart, and the effects of R-LC phosphorylation would be maximized. 

We also confirmed previous observations that caffeine potentiated the twitch contraction 

in a dosedependent fashion. Potentiation induced by caffeine has been associateci with 

an increase in Ca2+ release from the sarcoplasmic reticulum (Allen and Westerblad, 

1995). This is consistent with the fact that caffeine increases the contraction time of a 

twitch contraction (MacIntosh and Gardiner, 1987). After caffeine, there would be more 

~ a ' +  available to bind to troponin, and subsequently there would be a grûater degree of 

muscle activation with a single pulse of stimulation. Caffeine also increases ~ a ' +  

sensitivity to force production. de Beer et ai. (1988a) have shown that when 10 m M  

caffeine is used in skinned fiber preparations, there is a leftward shift in the force-pcaZi 

relationship at short sarcomere lengths. Wahr and Metzger (1998) have suggested that 

caffeine increases ~ a ' -  sensitivity by slowing the rate of cross-bridges detachment. This 

increased caZC sensitivity after caffeine observed by de Beer et al. (1988a) is absent at 

a long sarcomere length. showing that this caffeine-induced increase in ~ a ' +  sensitivity 

is length-dependent. This is consistent with the length-dependence of caffeine 

potentiation illustrateci in Figure 18. 

Caffeine changed the length at which maximal force was obtained, in a way that the 

force-length relationship became similar to that obtained using double pulse contractions. 

This finding is in agreement with Lopez et al. (1981), who showed that a variety of 

potentiating agents [(caffeine, 1 rnM) , 2n2+, NO3-, and tetraethylammonium] affect the 

shape of the twitch force-length relationship. It becornes similar to the tetanic force- 

length relationship. However, the increase in ca2+ release induced by caffeine was not 

length-dependent in the study by Lopez et al. (1981). Therefore, it seems that changes 

in length-dependence of activation are related to Ca2+ sensitivity of the m yo filaments. 

It is interesting to notice that a lower concentration of caffeine, as we have used. is 

enough to affect length-dependent activation. 

The main finding of this paper was that, associated with depression of length-dependence 
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of muscle activation, caffeine depressed the length-dependence of staircase potentiation . 
The shape of the force-length relationship after caffeine was the same as that for a 

potentiated twitch. As a result, the relative increase in DT during repetitive stimulation 

was not dependent on muscle length. It is interesthg to t6at even after this lefhvard 

shift in the Peak of the force-length relationship the! !s still considerable activity- 

dependent potentiation. as shown in Figure 20. 

The magnitude of staircase potentiation @oth absolute and relative) at a long length is 

greater af'ter administration of caffeine than before. This finding is different from what 

we had anticipated: that the degree of potentiation after caffeine at a longer length would 

be lower than before caffeine. This was based on the idea that the effects of increasing 

length and using caffeine would be additive, both increasing ca2+ sensitivity. If that was 

the case, there would be less likelihood of further change in ca2+ sensitivity during 

staircase potentiation, and the linear reiationship after -0.75 rnM caffeine as shown in 

Figure 2 1 would be situated lower on the Y (relative tension) axis. The intersection point 

with the data obtained before caffeine would be at approximately L, + 3 mm. 

The mechanisrn responsible for this higher potentiation at a long length after caffeine is 

not known, and it desemes further investigation. It rnay be that caffeine alters the degree 

of R-LC phosphorylation. Since R-LC phosphorylation is a ca2+ dependent process [for 

a review see Sweeney et al. (1993)], and caffeine enhances ca2+ release from the 

sarcoplasmic reticulum, R-LC phosphorylation is likely greater after caffeine. 

Therefore, there may be a dual effect of caffeine in the regulation of length-dependence 

of potentiation: depressing the length-dependence of activation, and increasing the degree 

of staircase potentiation, independent of muscle length. This is consistent with the idea 

that the mechanism of length-dependence of activation is related to the mechanism of 

length-dependence of twitch potentiation. 



There is a length-dependence of muscle activation, effected by an increased ca2+ 
sensitivity of the myofilaments when muscle is at a long length. CafCeine is h o w n  to 

abolish the length-dependence of muscle activation. Muscle length (ML) affects the 

degree of staircase potentiation as weLl. Since twitch potentiation is dso correlated with 

an increased ca2+ sensitivity of the filaments, we tested the hypothesis that caffeine 

depresses the length-dependence of staircase potentiation. In sim isometric twitch 

contractions of rat gastrocnemius muscle before and after 10 s of 10 Hz stimulation were 

analyzed at seven different lengths. Contractions were analysai before and d e r  different 

doses of caffeine. Before caffeine, length dependence of activation was observeci, and 

the degree of potentiation after 10 Hz stimulation showed a linear decrease with increased 

length (DT = 1.47 - O.OS@ML, r2 = 0.95, where DT is developed tension). At a 

concentration of - 0.25 mM, caffeine did not affect the length-dependence of activation. 

Length-dependence of activation was decreased by caffeine at concentrations of - 0.5 and 

- 0.75 mM. Furthemore, the negative slope of the potentiation-muscle length relationship 

was diminished after - 0.5 m M  of caffeine, and the slope was not significantly different 

from zero after - 0.75 rnM of caffeine (DT = 1.53 - 0.009*ML, r2 = 0.43). This study 

showed that length-dependence of activation in intact skeletal muscle is diminished by 

caffeine. Caffeine also suppressed the length-dependence of staircase potentiation, 

suggesting that its mechanism may be closely related to the mechanism for length- 

dependence of activation. 



Chapter 7 
Length-dependence of staircase potentiation: 

Interactions with caffeine and dantrolene sodium 

INTRODUCTION 

When fast-twitch skeletal muscle at 37OC is stimulated at a low-frequency, the force of 

the twitch contraction increases during the first seconds of stimulation. This increase in 

developed tension is known as staircase potentiation, and its primary mechanism appears 

to be phosphorylation of the regulatory light chains of rnyosin (R-LC) (Moore et al. 

1985; Moore and Stull. 1984). Studies with skinned fiber preparations have shown a 

leftward shift in the force-~a'+ relationship when the R-LC are phosphorylated 

(Persechini et ai. 1985). This suggests that R-LC phosphorylation increases the 

sensitivity of the myofilaments to ~ a ?  It is believed that R-LC phosphorylation acts 

by moving the cross-bridge away from the myosin filament, positionhg it closer to the 

actin filament (Levine et al. 1996). 

The magnitude of twitch enhancement during staircase depends on the muscle Iength at 

which the measurement is made (Wallinga-de longe, 1979; Roszek et al. 1994). Studies 

have shown that stimulation of muscles at short lengths results in a greater degree of 

staircase potentiation than stimulation at long lengths (Wallinga-de Jonge, 1979; Chapters 

4, 5 and 6). However, the mechanism that permits this length-dependence of twitch 

potentiation is not clear. In a previous study, we have shown that R-LC phosphorylation 

is not different when staircase is conducted at different lengths, indicating that R-LC 



phosphorylation cannot account for the length-dependence of staircase potentiation 

(Chapter 5). It has also been demonstrated that caffeine (C 1.0 mM) abolishes the 

Iength-dependence of sraircase potentiation (Chapter 6). 

It is recognized that developed tension of tetanic contractions is maximal when muscle 

length permits optimal overlap of filaments (ter Keurs et al. 1978). In contrast, Close 

(1972a) showed that the force-length relationship for twitch contractions shows a plateau 

at a muscle length longer than the optimal degree of filament overlap. This suggests that 

the apparent level of activation during a single stimulus (twitch contraction) is incread 

with increasing muscle length. This has been referred to as length-dependence of muscle 

activation. Studies with skinned fibers have shown a leftward shifi in the force-ca2+ 

relationship at long muscle lengths (Endo, 1973; Endo, 1972; Martyn and Gordon, 1988; 

Stephenson and Williams, 1982) similar to that seen with increased R-LC 

phosphorylation. Furthermore, Balnave and Allen (1996) have observed in intact single 

fibers from the mouse that the increased level of activation is not due to differences in 

free ca2+ concentration. 

The mechanism which has been proposed to explain this length-dependence of activation 

is that increasing length brings the myofilaments closer together, thereby enhancing the 

probability of cross-bridge interactions. This would increase force at sub-maximal ~ a ' +  

concentration. In fact. compression of the myoNarnent lattice at a fured length in 

skinned fibers has the same effect (Godt and Maughan, 1981). Therefore, the 

mechanisms for both length-dependence of activation and force enhancement due to R-LC 

phosphorylation appear to be the similar. 

Studies with skinned fiber preparations have shown that caffeine increases ca2+ 
sensitivity and depresses the length-dependence of activation (Wendt and Stephenson, 

1983; de Beer et al. 1988a). If  the mechanism of lengih-dependence of twitch 

potentiation is related to the mechanism for length-dependence of activation, then caffeine 

should abolish length-dependence of staircase potentiation. This was demonstrated in a 
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previous study (Chapter 6). Caffeine also increases release of ca2+ from the SR (Kovacs 

and Szucs, 1983; Ailen and Westerblad, 1995), which complicates the possible 

interpretation of such a manipulation. Dantmlene, a drug that causes a reduction of Ca2+ 

release from the terminai cistemae with each stimulation pulse (Hainaut and Desmedt, 

1974; Desmedt and Hainaut, 1977; Leslie and Part, 1981), could be used to oppose this 

effect of caffeine. Danuoiene should reverse the effects of caffeine on ca2+ release but 

not the length-dependence of caZi sensitivity. Dantrolene alone should not affect the 

length-dependence of potentiation . 

In this paper we considered the hypothesis that the abolition of the length-dependence of 

staircase potentiation by caffeine persists in the presence of dannolene. We have tested 

this hypothesis by comparing twitch potentiation at different lengths, with and without 

caffeine and dantroIene sodium. 

In this study, fernale Sprague-Dawley rats weighing 180-220 gram were us&. These 

animals were housed in a rwm with a 12: 12h 1ight:dark cycIe, and standard rat chow 

and water were provided ad libiiwn. Al1 procedures of this study were approved by a 

cornmittee for the ethical use of animals for research. Care and treatment of the animals 

was according to the Canadian Council on Animal Care. 

This study used this in sim preparation as opposed to an in vitro mode1 because 

potentiation is much greater at physiological temperatures that at a room temperatures 

(Moore et al. 1990), and previous investigations have shown difficulty in maintaining 

viability of isolated muscle fibers from mammalian skeletal muscle viable d u ~ g  

experiments conducted in vitro at 37OC (Lannergren and Westerblad, 1987). 

Animals were randoml y separateci into two groups based on the sequence of treatmen ts. 

In both cases, contractile responses were assesseci under three treatment conditions. The 



first group (n=7) was given the following treatment sequence: (a) no treatment, @) 

caffeine (40 mg*ml-' in saline) and (c) dantrolene sodium (40 rngornl-' in propylene 

glycol). This sequence was done because we wanted to check which effects of caffeine 

were reversible after attenuation of ca2+ release by dantrolene. As stated in the 

introduction, it was expected that caffeine would eliminate length-dependence of 

potentiation, and this effcct would not be reverseci by dantrolene. The second group was 

given: (a) no treatment. (b) propylene glycol and (c) dantrolene sodium. In this case, 

we wanted to determine whether or not decreasing ca2+ release would have an effect on 

length-dependence of potentiation. Propylene glycol was used to assess the possible 

effect of the solvent, since dantrolene was dissolved in propylene glycol. 

Sequential doses of caffeine, dantrolene or propylene glycol (0.04 mi, at a time) were 

injecteci during the experiments, when appropriate. Approximately 15 injections were 

performed during each treatment for al1 muscles studied. The cumulative doses of 

caffeine, assuming totai body water distribution (601 of body weight) would give 

approximately 1.0 m M  caffeine concentration. This concentration has been shown to 

have minimal and only transient effects on the heart (MacIntosh et al. 1992). 

In situ m w l e  prepantion. The animais were deeply anaesthetized with intramuscular 

injections of ketamine-xylazine (ketamine 100 rng~rnl*' , xylazine 100 mg@rnl", mixed 

85: 15 IM; dose: 0.1 I d @  100g-'). A deep level of anaesthesia was maintaineci throughout 

the procedures with supplemental injections when needed. A cannula (polyethylene 60 

tubing) was carefully placed into the lumen of a common jugular vein of the anirnals for 

administration of caffeine, propylene glycol or dantrolene sodium during the experiments. 

The triceps surae were exposed and the gastrocnemius muscle was cleared fkom 

connective tissue. The insertions of the soleus and plantaris muscles were then deîached 

from the Achilles tendon and partially separateci from the gastrocnemius muscle. An in 

vivo rneasurement of the muscle length was done with a vernier scaie (calipers mode1 

Measy 2000, Switzerland, error < 0.03 mm). The muscle length was defined as the 



98 

distance between the most proximal and the most distal visible ends of the muscle fibers. 

This in vivo measurement was used to calculate 10% of the muscle length, to permit 

adjustrnent of the muscle length during the experiments. This subsequent adjustment was 

made relative to an experimentally determined optimal length. 

The calcaneus was cut and the Achilies tendon with a smali piece of the calcaneus still 

attached was connectai to an isome'tnc force transducer (Grass FTIO) via a thin stainless 

steel wire. The sciatic nerve was severed close to the spine. The distal stump of the cut 

sciatic nerve was placed across a pair of electrodes for indirect stimulation of the 

gastrocnemius muscle. The hindlimb was immobilized with two pins, one placed 

perpendicularly into the femur and the other axially in the severed tibia. The loosened 

skin from the hindlimb was stretched and anchored to form a pocket which was Nled 

with mineral oil. Rectal and oil bath temperatures were monitored and regulated at 

approximately 37OC throughout the expenrnent using radiant heat. At the end of the 

expenrnent, the rats were sacrificed with an intravenous injection of KCl. 

Muscle length adjustments during the experirnents. Prior to each sequence of 

repetitive stimulation, L, was determined with a series of double pulse contractions (5 

ms delay), which has b e n  shown to correspond to the same Lo as tetanic contractions 

(MacIntosh and Kupsh, unpublished). It is known that single pulses of stimulation 

(twitch contraction) likely result in an overestimation of the optimal length (Close, 1972a; 

Lopez et al. 1981), x, twitches were not used in determination of &. This 

experimentaily determined optimal length was used as a reference length for calculation 

of the changes in muscle length (10%) when needed. It can be estimatecl, based on 

measurements by Zuurbier and Huijing (1991), that f 10% of muscle length would result 

in +20% fibre length changes. If it is assumed that optimal sarcomere length was 2.4 

pm then f 20% changes would give sarcomere lengths of 1.92 pm and 2.84 pm. The 

force transducer, mounted on a rack and pinion device, allowed precise adjustments in 

the position of the transducer (4 mm per rotation), and thus in muscle length. 



Force measurements during the experiments. During each of the three main treatment 

conditions in each group (no treatment, caffeine or propylene glycol and dantrolene 

sodium) the following stimulation protocol was given: (1) three hKitch contractions (3 

s intervals) elicited at Lo - 101, L, and L, + 10 (random order), (2) repetitive 

stimulation at Lo with 5Hz for 20 s which was the conditioning stimulus, where we 

expected to induce staircase potentiation and (3) three twitch contractions (3 s intervals) 

elicited at Lo - IO%, Lo and Lo + 10 (random order), initiated 20 s after the repetitive 

stimulation. Application of the conditioning stimulus at a single length (experimentally 

determined optimal length), with subsequenr assessment of the magnitude of potentiation 

at three lengths, should assure that any chernical potentiating (or fatiguing) influences 

would be common among these length conditions. This is essentiaily the same approach 

used by Moore and Persechini (1990) when they studied length-dependence of postteîanic 

poten tiation . 

S tirnulation (Grass Mode1 S88 stimulator) was done with supramaximal square pulses, 

50 ps in duration (1-5 V). Digitized (3000 Hz) contractions were collected during the 

experiments and analyzed by computer. n ie  developed tension PT) was measured as 

the amplitude difference between the resting tension and the peak of a twitch contraction. 

Statistical analysis. Analysis of va.riance for repeated measures was used for statistical 

comparisons. When appropriate, pst-hoc cornparisons were done with Student Newman- 

Keuls test. A value of p < 0.05 was used to establish statistical significance in al1 

comparisons. 

Single twitch contraction. Twitch DT was assessed five minutes after each conditioning 

stimulation, and this was compared with the twitch amplitude prior to the repetitive 

stimulation, to confirm that the twitch contraction retumed to the same amplitude after 

each sequence of repetitive stimulation. Under each treatment condition, twitch DT 



returned to the pre-conditioning stimulus value (overall mean difference = -4.01 f 

1.56%), showing no significant difference @ > 0.4 for a i l  treatments). This suggests 

that intra-animal differences in force magnitude of twitch contractions were not 

apparently due to fatigue during the experiments. 

Values of force during a twitch contraction at the three lengths for the muscles with 

different treatments are shown in Tables 3 and 4. In the control condition, the decline 

of DT with length changes was not symmetrical around &. The decrease at L, - 10% 

was greater (p < 0.05) whereas at L, + 10% the change was not signifiant. This is 

consistent widi length-dependence of activation. As shown in Table 3, propylene glycol 

did not change the DT, but dantrolene beatment decreased DT without changing the 

apparent length-dependence of activation. Table 4 shows that injections of d fe ine  

potentiated the twitch contraction at Lo. Caffeine depressed the length-dependence of 

activation such that in the control situation, the DT measured at L, + 10% was 

significantly less than at L,. Dantrolene injections adrninistered after caffeine decreased 

DT to levels of about 50 46 of control (no treatment) condition (Table 4). However, it 

did not reverse the effects of caffeine on the length-dependence of activation. DT 

remained significantty different among al l  lengths. 

Examples of twitch contractions after the different chernical treatments are illustrated in 

Figure 22. In this case, al1 contractions were obiained behueen sequential injections of 

caffeine (Figure 22A), dantrolene sodium (Figure 22B) or propylene glycol (Figure 22C). 

It is clear from this figure that injections of caffeine increased the DT of hvitch 

contractions, accompanied by a small increase in the time to peak of contraction. This 

observation (prolongeci contraction time) is also consistent with the idea that much of the 

caffeine-induced potentiation is associatecl with an incrase in Ca'+ release from the SR 

(Sandow and Brust, 1966). The decrease in DT following injection of dantrolene sodium 

is comparable with previous results from the literature (MacIntosh, 1991; Krarup, 

198ta), and it c m  be seen that this decrease was accompanied by a decrease in the time 

to peak of the contraction. 



TABLE 3 

Developed tension (N) of twitch contractions at different lengths (rnean + SEM) for 
muscles treated with propylene + dantrolene. 

Control 1.59 t 0.36 * 2.26 f 0.27 

Propylene 1.46 $: 0.21 * 2.38 + 0.31 

Propylene +DantroIene 0.61 + 0.16 * 1.31 4: 0.15 

* Significantly different From L, (p < 0.05) for that condition 

TABLE 4 

Developed tension (N) of twitch contractions at different lengths (mean f SEM) for 
muscles treated with caffeine + dantrolene. 

Controi 1.34 f 0.14 * 2.19 f 0.19 

Caffeine 1 . 6 6 t 0 . 1 8  * 2 .44f0 .14  

Caffeine + Dantrolene 0.62 + O. 1 1 * 1.22 + O. 17 

* Significantly different from L, @ < 0.05) for that condition 



Figure 22. Twitch contractions recorded during wnsecutive injections of caffehe (A), 
dantrolene sodium (B) and propylene glycol (C) during typical experiments. Note the 
increase in DT during consecutive injections of caffeine, and the decrease in DT caused 
by consecutive injections of dantrolene sodium. 



It was observed (example in Figure 22C) that injections of propylene glycol did not 

change the force development or time course of a twitch contraction. Since dantrolene 

sodium was dissolved in propylene glycol, and the vehicle alone had no eflect, the 

differences found after dantrolene m u s  be reiated to the known effects of this dnig, e-g., 

inhibition of calcium release from the SR. 

Repetitive stimulation. Stimulation at 5 Hz for 20 s at L, (conditionhg stimuli) resulted 

in a progressive increase in force developrnent for the five conditions observed in this 

study. When the peak force recorded during the staircase (usually at 20 s) is expressed 

relative to the first hvitch contraction, a significant increase in DT was observed during 

the repetitive stimulation for control (61.8 f 7%), propylene (57.9 & 7%), propylene 

+ dantrolene (43.9 i 6 1 ) , caffeine (5 8.1 & 6 46) and caffeine + dantrolene (60.3 + 
1 1 %). These values were not statistically different arnong the five conditions (p = 

0.59). 

There was a Iength-dependence of staircase potentiation, confirming previous reports 

(Waiiinga-de Jonge, 1979; Roszek et al. 1994; Chapters 4, 5 and 6). In the control 

situation, the degree of potentiation was inversely related to the muscle length; the 

magnitude of enhancement of the DT was greater at L, - 10% than L, and L, + 10%. 

The results of a typical experimen t are presented in Figure 23, showing superirnposed 

traces of twitch contractions recorded at the three different lengths before and after 20 

s of 5 Hz stimulation . The DT of the twitch contraction recorded at L, + 10% is 

greater than the DT recorded at L, - IO%, prob2bly due to a length-dependence of 

muscle activation, as stated above. The length-dependence of potentiation is clear ftom 

these traces, where muscles at L, - 10% present an increase in twitch DT greater than 

that seen at the other lengths. 

The magnitude of potentiation resulting from 20 s of 5 Hz stimulation would be expected 

to reach a maximal value within a few seconds of stopping the repetitive stimulation, then 

begin to decline with a slow time constant. 



20 rns 

Figure 23. Twitch contractions recorded in control condition before (smaller twitch) and 
after (larger huitch) 20 s of  repetitive stimulation (20 s of 5 Hz) at Lo - 10% (A), Lo (B) 
and L, + 10% (C). The degree of potentiation is inversely related to the muscle length. 



W e  chose to permit a delay behveen the end of the conditionhg stimulus and the 

assessment of potentiation in order to permit resetting the stimulator and data c o k c ~ g  

program. Therefore our results could have been affected by the time course of decay of 

potentiation afler 20 s of 5 Hz stimulation. The impact of this effect would have been 

rninimized by our randomized selection of test lengths. However, to check this 

possibility, the results obtained at La during the pst-staircase twitches were divided into 

three subgroups, Le., when twitches were recorded at 20 s (n = 15), 23 s (n = 10) or 

26 s (n = 9) after the p e n d  of repetitive stimulation. The relative differences between 

these twitches and the twitches recorded at the peak of the staircase (20 s of 5 Hz 

stimulation) were then compareci. Values were 82.7 + 2.2 % , 87.6 t 2.5 % and 77.9 

+ 4.2 % for the twitches recorded at ?O s, 23 s or 26 s respectively, showing that the - 
potentiation was unchanged @ = 0.11) during the time of data collection. 

The same procedure was used to check the effects of changing lengths just before the 

assessment of a potentiated twitch contraction. We grouped the results obtained at 20 

s at L, during the posütaircase twitches in three subgroups: muscles that were not 

changed previous to the contraction (n = 15), muscles that were shortened (n = 10) and 

muscles that were stretched (n = 9) before the contraction. When expressed relative to 

the peak of staircase, values were 82.7 & 2.2%, 81.1 & 3.9% and 85.2 f 3.4% for 

unchanged, shortened and stretched muscles, respective1 y, showing no statistical 

significance (p = 0.68). 

Figure 24 shows the mean values representing the increase in DT observed after 5 Hz 

repetitive stimulation relative to the preconditioning stimulus twitch, at all conditions and 

muscle lengths. As expected, propylene glycol did not affect the length-dependence of 

stairwe (Figure 24A). Furthermore, it was observed that administration of dantroiene 

sodium after propylene glycol also did not change the influence of length in the degree 

of twitch potentiation. In other words, reducing ca2+ release did not provide conditions 

for an enhancement of twitch potentiation at long lengths. Caffeine treatment elirninated 

the length-dependence of staircase potentiation, as shown in Figure 24b. 



DAC 

Figure 24. Relative hcrease in developed tension (% of pre-conditionhg stimulus 
contraction at sarne length) after staircase potentiation at different treatment conditions. 
Each vertical bar on top of the column represents SEM, and asterisks (*) represent a 
signifiant difference (p < 0.05) from the other lengths at a given treatment. (A) muscles 
treated with propylene glycol and propylene + dantrolene; (B) muscles treated with 
caffeine and caffeine + dantrolene. 



This figure also shows that dantrolene sodium did not reverse the effecu of caffeine in 

eliminahng the length-dependence of staircase. As in the case with caffeine, no sfatistical 

difference among the three muscle lengths was observed for the caffeine+dantrolene 

condition (Figure 24B). 

Typical twitch contractions recorded prior to and after 20 s of 5 Hz stimulation foilowing 

caffeine + dantrolene treatment are presented in Figure 25. As mentioned above, 

caffeine diminished the length-dependence of activation, since the hvitch contraction 

recorded at L, + 10% was significantly srnaller than the twitch recorded at Lo, and this 

effect was not reversed by dantrolene. The traces show that the incrme in force 

observed after 20 s of 5 Hz repetitive stimulation is basically the same, regardless of the 

length at which the measurement was made. 

DISCUSSION 

The main observations in this paper inchde: (1) caffeine abolished length-dependence of 

muscle activation in situ, as has been shown previously in skinned fiber preparations 

(Wendt and Stephenson, 1983; de Beer et al. 1988a), fiog single fiber (Lopez et al. 

1981) and the whole rat gastrocnemius muscle (Chapter 6); (2) caffeine abolished the 

length-dependence of staircase potentiation; and (3) dantroiene did not affect the length- 

dependence of potentiation, whether or not caffeine was presen t . Together, these 

observations confirm the hypothesis that the mechanism by which caffeine abolishes 

length-dependence of activation and length-dependence of potentiation during staircas 

is by its effects on sensitivity to caZi, not its effect on ca2+ release. Since 

administration of dantrolene without caffeine failed to overcorne the depression of 

potentiation which occurs at a long length, caZi availability seems not be responsible for 

length-dependence of staircase potentiation. 

In this study, muscles at a short length had a higher magnitude of potentiation than 

muscles at L, and L, + 10 % . 



Figure 25. Twitch contractions recorded before (smaller twitch) and after Oarger twitch) 
20 s of repetitive stimulation (20 s of 5 Hz) at Lo - 10% (A), L, (B) and Lo + 10% (C) 
for muscles treated with Cifffeine and caffeine + dantrolene. Note the absence of length- 
dependence of hKitch potentiation. 



This result was similar to previous investigations (Wallingade Jonge, 1979; Chapter 5). 

However, contrary to those studies, the stimulation condition (20s of 5 Eh) in the present 

study was always perfonned at La. In this way, possible biochemical andor mechanical 

changes whic h contribute to potentiation during repetitive stimulation could not account 

for the length dependence of potentiation. For exarnple, if repetitive stimulation at 

different muscle lengths results in different degrees of fatigue (Sacco et al. 1994; Aljure 

and Borrero, 1968; Gauthier et ai. 1993), or if the ca2+ transients during repetitive 

stimulation changed in different ways at various lengths, the results would be difficult 

to interpret. By performing the repetitive stimulation at a common length, these 

problems are avoided. Mm, it is important to note that the magnitude of staircase was 

virtually the same under the different ueatment conditions. This is consistent with 

findings of Krarup (1981a), who observed only a slightly smaller amplitude of staircase 

(20 s of 5 Hz) with muscles treated with dantrolene. 

Close (1972a) reported that the plateau of the force-length relationship is shifted to longer 

lengths for twitch contractions in cornparison with tetanic contractions. This is consistent 

with the fact that the decrease in DT from optimal to long lengths observed in this study 

was not as great as the decrease at the short lengths. A decrease in force that was 

smaller at long muscle lengths than at short lengths has been reportai previously for this 

preparation (Chapter S ) ,  in studies that measured the sarcomere length of frog muscle 

fibers (Granzier and Pollack, 1990; ter Keurs et al. 1978) or fiber bundles of the mouse 

extensor digitorum Longus (Chapter 3). This supports the idea that there is a length- 

dependence of activation during twitch contractions in skeletal muscle, pennitting an 

increase of twirch amplitude as length is extended beyond optimal overlap (Close, 1972a; 

Stephenson and Wendt, 1984). 

The rationaie for the approach used in this study, was that caffeine has been shown to 

abolish length-dependence of activation (Lopez et al. 198 1 ; Chapter 6) (as measured by 

the response of the muscle to electrical stimulation). In fact, after caffeine 

administration, the DT at long length was different from DT at optimal length in Our 



study, which is consistent with a shift back to the left in the hvitch force-length 

relationship (see Table l), supporthg the idea that caffeine depresses the length- 

dependence of activation in intact skeletal muscle. Also, it is interesthg to note that the 

degree of caffeine-induced force increase was inversely related to the muscle length. If 

there is a diminished degree of activation at short lengths, caffeine would influence force 

to a greater extent than when the muscles are stretched, and this was the case in this 

study. This length-dependence of potentiation of force with chernical potentiathg agents 

has been observed before with single muscle fibers from the frog (Lopez et al. 1981). 

The main new finding of this paper was that caffeine depressed the length dependence 

of staircase, but dantroiene, a dmg that decreases the amount of caZC released b y the SR 

with each stimulating pulse (Hainaut and Desmedt, 1974; Desmedt and Hainaut, 1977; 

Leslie and Part, 1981), with no effect on ca2+ uptake (Desmedt and Hainaut, 1977) did 

not restore the length dependence of potentiation after caffeine treatment. This suggests 

that a mechanism responsible for lengthdependence of activation, not related to ca2+ 
availability in the myoplasm, may be responsible for the length-dependence of staircase 

potentiation. This finding is also in agreement with observations that intzacellular ca2+ 
transients are independent of muscle length in mammaiian single fibers W a v e  and 

Allen, 1996), Le., the apparent difference in muscle activation at different muscle lengths 

is likely not caused by varying leveis of intracellular ~ a ?  

Previous studies with skinned (Stephenson and Williams, 1982) and intact (Bahave and 

Ailen, 1996) mammalian skeletai muscle have reported an increased sensitivity of the 

contractile protein to ca2+ as muscle is stretched. Balnave and Men (1996) observed 

that this effect is greater when the muscie is stimulated at low fkquency, and probably 

this is also the case during twitch contractions. Therefore, this increased sensitivity as 

muscle is stretched may explain the length-dependence of activation. This is probably 

achieved by changes in intermyofilament spacing (Wang and Fuchs, 1994). 

Consistent with Our findings that caffeine changed length-dependence of activation, 



caffeine has been shown to change the length-dependence of ca2+ sensitivity in skimed 

fibers (Wendt and Stephenson, 1983; de Beer et al. 1988a). The mechanism by which 

caffeine changes the sensitivity of the myofilamentî to ca2+ ions is unclear. Effecu in 

the myosin-actin ma& have been proposeci (de Beer et al. l988a). but more research 

is needed in this area. Whatever the mechanisms are, it seems logical to argue that ca2' 
sensitivity or interaction with length-dependent activation is a potential mechanism by 

which s taircase po ten tiation is length-dependent . 

In a previous investigation we have observed that phosphorylation of the regulatory light 

chah of myosin (R-LC) after 10 s of 10 HZ stimulation is not length-dependent (Chapter 

5). Since R-LC phosphorylation represents a potential mechanism for twitch potentiation 

(Moore et al. 1985; MacIntosh et al. 1993; Palmer and Moore, 1989; Moore and Stull, 

1984) by rneans of an increase in ca2+ sensitivity to force (Sweeney and StuIl, 1986; 

Persechini et al. 1985), it is tempting to speculate that the actual effect of R-LC 

phosphorylation at different lengths is not the same. It is believed that R-LC 

phosphorylation acts by moving the cross-bridge away hem the myosin filament, 

positioning it closer to the actin Nament. In this case, this effect could be modulated by 

differences in the intermyofüarnent distance at different lengths (Yang et al. 1992). This 

might decrease the expected effect of R-LC phosphorylation at long lengths, where the 

m yofilaments are alread y close together. 

In conclusion, potentiation of twitch contraction induced by repetitive muscle stimulation 

is greater when the response is measured at a short length, than when the response is 

measured at a long length. Caffeine, which was observed to depress the length- 

dependence of muscle activation during nvitch contractions, also suppressed the length- 

dependence of staircase potentiation. This change was not reversed by dantrolene 

sodium. Since availability of ca2+ in the myoplasm does not appear to be the 

mechanism responsible for the length-dependence, ca2+ sensitivity and htermyofilament 

spacing may e x p h  the results observed in this study. 



In skeletal muscle, there is a lengthdependence of staircase potentiation for which the 

mechanism is unclear. In this study we tested the hypothesis that this length-dependence 

is effected by the same mechanism as length-dependent activation. To test this 

h ypo thesis we have used caffeine, w hich abolishes leng thdependence of activation, and 

dantrolene sodium, which inhibits ca2+ release. In siru isometric hMtch contractions of 

rat gastrocnemius muscle before and afier 20 s of tepetitive stimulation at 5 Hz were 

analyzed at optimal length (L,), L, - 10% and L, + 10%. Potentiation was observeci to 

be length-dependent, with an increase in developed tension PT) of 78 & 12 % , 5 1 + 5 Z 

and 34 + 9 % (mean _+ SEM), at L, - 108, L, and Lo + 10% respectively. Caffeine 

diminished the Iength-dependence of activation and suppressed the length-dependence of 

staircase giving increases in DT of 65 & 13 % , 53 f 1 1 % and 45 f 12 % for L, - 10 % . 
L, and Lo + IO%, respectively. Dantrolene administered after caffeine did not reverse 

this effect. Dantrolene alone depressed the potentiation response, but did not affect the 

length-dependence of staircase, with increases in DT of 58 & 17 % , 26 f 8 % and 18 t 
7%, respectively. This study confirms that there is a length-dependence of staircase 

potentiation in mammalian skeletal muscle. Since dantrolene did not alter this length- 

dependence, it is apparently not directly modulateci by Ca2+ availability in the myoplasm. 

Caffeine suppressed the length-dependence of staircase, as well as the length-dependence 

of activation. Therefore, the mechanism of length-dependence of potentiation is likely the 

same as the mechanism for length-dependence of activation. 



Chapter 8 
Sumrnary and Future Directions 

The first purpose of this dissertation was to examine the effects of muscle length on 

staircase potentiation. As expected, the degree of staircase was found to be inversely 

related to muscle length, Le., force enhancement during repetitive stimulation was higher 

when the response was measured at a short length. This was the case for both 

preparations used in this dissertation, the in virro approach using the bundle of fibers 

fiom the EDL muscle and the in situ approach using the whole gastrocnernius muscle. 

In contrast with expectations, posttetanic potentiation was du, found to be inversely 

proportional to muscle (sarcomere) length. It seems likely that a common mechanism 

is responsible for this length-dependence of twitch enhancement. 

The second purpose of this dissertation was to investigate the mechanisms responsible for 

the length dependence of twitch potenuauon. From the two hypotheses stated in the 

introduction, the hypothesis (1), that length-dependence differences in R-LC 

phosphorylation were responsible for length-dependence of staircase potentiation, was 

rendered as incorrect. The levels of R-LC phosphorylation were independent of muscle 

length while the degree of staircase inversely proportional to muscle (or sarcomere) 

length. The concIusion that length-dependence of potentiation is not mediated by R-LC 

phosphorylation indicates that other factors may influence twitch potentiation in skeletal 

muscle. Two independent studies in our Iaboratory (Rassier et al. 1997; Rassier et al. 

1998) corne to the same conclusion. hkchanisms of twitch potentiation are a complex 



issue not totally understwd yet. 

It was concluded from studies reported herein that length-dependence of staircase 

poten tiation was modulated b y mec hanisms related to lengthdependence of muscle 

activation. More specificdly, activity-dependent potentiation may be inninsically related 

to length-dependence of ca2+ sensitivity. When the muscle is sîretched, there is an 

increased CazC sensitivity to force at low-frequency stimulation rates, likely caused by 

an approximation of the myofilaments. This approximation potentiates the twitch 

contraction, possibly Limiting further increases in DT during repetitive stimulation. In 

this case, the effects of R-LC phosphorylation-induced potentiation would be reduced, 

since the proposed rnechanism by which R-LC phosphorylation acts also involves an 

approximation of the myosin cross-bridge and actin filament. 

Aithough using intact muscles and fiber bundles has the advantage of studying muscle 

properties under physiological conditions, it was not possible to test directly length- 

dependence of ca2+ sensitivity. This was an obvious limitation in confirming the 

mechanisms of length-dependence of activity-dependent potentiation. For such 

expenments, we would need a skinned fiber preparation, where it would be possible to 

change the extracellular ~ a ' +  concentrations and interfilament spacing. This was beyond 

the scope of this dissertation. 

In study 5, we used dantrolene sodium to decrease caZC availability in the myoplasm. 

We did not acnially measure the levels in~acellular ca2+ dunng the twitch contractions. 

However, ca2+ indicators used currentiy lack a time resolution to measure ca2+ 

transients dunng a hvitch contraction at 3 7 T .  Further, Our conclusion that ca2+ 

concentrations are not responsible for length-dependence of ca2+ activation and 

potentiation agree with observations that caTC msients are not altered by length in 

unhised tetanic contractions of single ceus dissected frorn the mouse (BaInave and Allen, 

1995). 



This dissertation shows a lengthdependence of staircase potentiation, where the degree 

of force enhancement dunng low frequency repetitive stimulation is greater when the 

response is measured at a short length than at a long length. Also, our results strongly 

suggest that the mechanisms of lengthdependence of muscle activation (presumably ca2+ 
sensitivity) is closely related to mechanisms of length-dependence of staircase 

potentiation. Until further research proves this hypothesis to be incorrect, it should be 

accepted as the likely explanation for the length-dependence of twitch potentiation. 

Future Directions 

As suggested previously, the next step in this line of research would be to investigate 

interactions arnong force potentiation, ca2+ sensitivity and interNament spacing. Studies 

with skinned fibre preparations, in which the interfilament spacing can be changed by 

osmotic compression cm be useful in this regard. This kind of preparation has been used 

to study potentiation and ~ a ' +  sensitivity. When the force is potentiated by 

phosphorylating the R-LC (with addition of calmodulin and myosin light chah kinase), 

there is a leftward shifi in the ca2+ -force relationship (Persechini et al. 1985; Sweeney 

and Stull, 1986). This process is similar to that which occurs when the muscle is 

stretched (Endo, 1973; Endo, 1972; Martyn and Gordon, 1988; Stephenson and 

Williams, 1982). Changing the interfilament spacing independent of sarcomere length 

could test the hypothesis that filament spacing itself is the modulator of length-dependent 

po ten tiation . 

A potential tool following this line would be the use of individual myofibrils. In this 

preparation, it is possible to investigate the behaviour of every sarcomere in series. This 

approach makes it possible to evaluate the force-length relationship of individual 

sarcomeres, under conditions of filaments compression or not, with and without 

potentiating agents. These investigations could provide insights into the mechanisrns 

regarding length-dependence of twitch potentiation, and how R-LC phosphorylation acts 

to potentiate a twitch contraction. 
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