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I  SUMMARY

The visco-elastic constants of soleus and exfensor carpi
radialis longus (BCRL) muscles of the rat, gastrocnemius
muscles of normal and dystrophic hamsters and
gastrochemius.muscles of tortoise have been studied.

The transfer function between length and tension for a

~three component Maxwell model is developed.

The response of this model to a ramp stretch is found.
During the static phase of the ramp, this is a single
exponential decay.

Skeletal muscle is compared to the Maxwell model.

The model applies only to iinear systems. All five
muscles are linear, in both relaxed and tetanised
states; within.the range 0.0mm to 0.26mm stretch.

Stress relexation in muscle is shown to be reasonably

 well represented by the three component model.

The constants E; , B, and V, of the model all

indrease upon stimulation.

No differences can be shown between rat soleus and

ECRL muscles.in respect of their visdo-elastic constants.
The values of E; for normal and dystrophic hamster
gastrocnemius musble,'in both the relaxed and tetanised
states, are significantly different. The values of E,:
are also different, but not those §f v, . .The
isometric tensions and contraction times are significantly

different in tetanised muscle.




10.

11.

12.

13.

Two other pairs of musclés are compared and differences
shown between the values of B, and E, of tetanised
muscle.

The values of E,., E, and V, of tortoise
gastrocnemius muscle in the ielaxed state decreases as
the temperature increases, iﬁ the range 5°C to 30°C.

In tetanised muscie E; and V, increase with temperature,

while B, increases in the range 5°C to 20°C then

. decreases slightly. The isometric tension has a

similar relationship to temperature as E, .

" A five component Maxwell model is shown to give a

better fit, to the stress relaxation, than the three
component model.
The findings of the thesis are discussed in relation

to current theories of muscle contraction.



II INTRODUCTION

The aim of this thesis is to examine some of the
rheological properties of muscle. Although these properties
should be considered from both a thermodynamic and mechanical
point of view, it must be remembered that one of the functions
of muscle is to control a mechanical system. It is necessary
to be able to describe the mechanical properties of muscle
before attempting a description of the widéf, more
complicafed-systems, such as limbs, of which muscles form a
part. It is therefore justifiable'to set up and exahine
mechanical models of muscle which may not be thermodynamically
acceptable. In the introduction, some historical background
is giveh, and this is followed by a detailed plan of the
work. In subsequent sections, skeletal muscle is compared
to a three component Maxwell model consisting of one viscous
and two elastic elements (see Fig.3.1a). In the theory
section the transfer function between length and tension, for
imposed ramp length éhahges, is derived. 1In thé next section
the results obtainéd from the abplication of ramp stretches
to muscle are compared with the model. Different musclé

-typés are then compared'in the reiaxed and tetanised states
and the effects of temperature on the visco-elastic constants
of the model are examined. The application of a five

component model to muscle is briefly discussed.

Historical background

Several reviews of the properties of skeletal
muscle have been written. The biochemical basis of muscle

action is well covered by Needham (1971) and the dynamid



properties have been recently reviewed by Close (1972). In
1960 Pringle presented a paper on modelling of muscle.
However, the immediate historical background to the present
research is presented here.

It has been known for a long time that muscles
possess elastic properties. Muller (1837-40) in the early
ninetéenth century pointed out that muscle obeyed the laws
governing.elastie bodies, and in 1846 Weber wrote that excited
muscle could be looked on as a new elastic body, with new
stiffness and new natural length. Heidenhain (1864)land Fick
(1882), on the other hand, put_fofward the view that stimulated
muscle was not just a new elastic body, the result of a change
in elasticity, but that the force and heat production
properties of actiye muscle were the result of some inner
change in the muscle.

However, in 1913 A.V. Hill reverted to the idea
that stimulated muscle could be looked upon as a new_elastic
body, and that the energy of this new elastic body could be

1iberated either as tension or as heat (see also A.V. Hill,

1913-14). Later, in 1922, A.V. Hill introduced the concept of

visco~elasticity playing a large part in determining some of

the properties of muscle, for example the speed of contraction.

To some extent this overcame the problems of non~reversibility
of muscle elasticity. By 1922, then, views were again held
that some at least of the properties of muscle could be
explained in terms of elasticity and viscosity.

Since then several models have been put forward

which attempt to simulate muscle behaviour.



Models of muscle

Levin and Wyman (1927) postulated a model consisting
of three components, an undamped elaétic element in series
with a damped eléstic compénent.' This model, it was suggested,
gave a better representation of the behaviour of muscle than
the A.V. Hill 1922 model, which consisted of a single damped:
elastic component. |

A paper was later published by A.V. Hill (i938) in
" which he foqnd that the total energy liberation (work + heat
of shortening) was a linear function of the load, deéreasing
as the load increasedf The relationship between load,_
velocity of shortening, work and heat of shortening could be
written in the form:

(P.+ a)(v + b) = b(P + a) = constant,
where P = actual load on the ﬁuscle,
Py = isometric tension,
a = shortening heat,
b = increase in total energy,

“and v = velocity of shortening.

This equation (Hill's characteristic equation)
gave a hypefbolic curve when plotted using values of a and
b .derived from energy measurements. The same hyperbolic

curve could also be obtained by plotting the falliné off of-
the velocity of shortening, v, as the load, P, on the muscle
.incréaséd.

These findings led A.V. Hill to the conclusion that
stimulated muscle could once more no longer be regarded as a
new elastic body, that shortening and heat production of

stimulated muscle were not due only to viscous and elastic



properties but were the result of the regulation of reactions -
_providing the energy for contraction.

Here, then, is a situation where muscle is seen to
have properties which are apparently visco-elastic.in nature
but may be biochemical in origin. A.V. Hill therefore
postulated a model consisting of a contraptile_component (the
damped elastic-component'of Levin and Wyman) in series with
an undamped elastic component.

In 1957 A.F. Huxley published.a paper in which he
put forward the idea that force generation in a muscle could
be the result of two sets of protein filaments, actin_and
myosin, sliding over one another, with chemical bonds being
formed and broken as fheyspass. This hypothesis has since
been substantiated and further developed (e.g. A.F. Huxley
& Peachey, 1961; H;E. Huxley, 1964 & 1965). Any subsequent
modelling of muscle must take into consideration the work of
A.F. Huxley. |

thler (1968), for example,.has postulated a model
of muscle which consistg of a contractile element, or force
generator, having viscous—like properties, in series with an
undamped elastic element and with a parallel elaétic.element
associated with the relaxed muscle. This model has been used
to simulate isofonic force/velocity relationships and the
isometric generation of force by the muscle, but the modelling

of force generation is complex.

Study of the three component model

It has been suggested (Crowe, 1970; Apter &

Graessly, 1970) that muscle may be represented by a three



component visco-elastic model. Such a model is the simplest
which can represent stress relaxation in muscle. Changes in
muscle upon stimulation may be simulated by chanées in the
visco-elastic coefficients, and in the unstretched length of
the eléstic elements of the model.

In this thesis such a model has been examined,
using stress reléxation techniQueé, in order tq determine
whether-differepces in mechanical properties of muscle caﬁ be
predicted By changes in the visco-elastic coéfficients of the
model.

Visco-elastic models of muscle can be represented
in two ways (Pringle, 1960)} eithef as a Maxwell model or as
a Voigt model (see Fig.2.1). Such models are mathematically
equivalent and are not logically distinguishable. Any
properties of muscle which can be described by one can also
be_described by the other. However, in the analysis of stress
relaxation, whe;e tension is recorded in response to imposed
'length changes, the analysis.becomes simpler if the Maxwell
model is used. All data given in the later sections of the
thesis refer to a three component Maxwell model as shown in
'Fig.é.la.

In the Théory section the transfer function of the
‘three component Maxwell model is derived. This transfer
function relates tension in the system to changes in length
with the form of a ramp stretch (see Fig.3.2), in terms of
the viscous and elastic elements of the model. A similar
transfer function for a five component model is also derived.

Using the transfer function of the three component

model, the limits of linearity have been determined within



]
i
i
|
|
|
|
:

Fig. 2.1 Visco-elastic models of muscle. a) The

Voigt model. b) The Maxwell model. Elastic

elements are represented by A\A/\,~, and viscous

elements by f_JI__J .







which the model can be applied

to skeletal muscle. Working

within these limits, differences in visco-elasticity between

relaxed and tetanised muscle are. examined.

earlier authors have attempted

As dlready noted,

to explain muscle activity

simply as a change in elasticity (Weber, 1846; A.V. Hill,

1913). This view has subsequently been shown to be wrong

(Penn, 1924; Wilkie, 1954).

However, although activity in

muscle is not purely the result of setting up a new elastic

body, elasticity of muscle, as
does change upon stimulation,
discussed in relation to later

. The next topic to be
not differences in céntraction
(maximum isometric tension and
are accompanied by differences

of the model. Since A.V. Hill

measured by stress relaxation;
and these changes are

theories of muscle contraction.
investigated was whether or
properties of muscle

the time taken to contract)

in the visco-elastic constants

(1922) introduced the idea

that the speed of contraction of a muscle is related to the
visco-elastic properties of that muscle, several workers have
looked for some correlation betﬁeen speed of contraction and
elastic propeities (Buller et.al., 1960a & b). Wells <1965)
and Close (e.g. 1965), in particular, have done much work on
the comparison of fast and slow mﬁscles of the rat. Two
muscles of the rat, the soleus and the extensor carpi radialis
longus (ECRL), have been compared in this thesis. In addition
the gastrocnemii muscles from normal and dystrophic hamsters
have also been compared..

If the visco-elastic constants of muscle are related
to the contractile préperties, how then will these constants

relate to temperature? Several authors have looked at the

effects of temperature on passive and active muscle (e.g.



Washington et al., 1955; Close & Hoh, 1968; Yeatman et.al.,

1969; D.K. Hill, 1970). The effects'of temperature on the

properties of tortoise gastrocnemius muscle have.been

examined and these results are discussed in relation to the

other findings of this thesis and to previously published work.
Finally, the results are discussed in relation to

current theories of muscle contraction and possible

improvements to the model are suggested.




10

IIT THEORY

1. The three component model

A Maxwell model consisting of two elastic elements, E,
and By, and a viscous element, V,, as shown in Fig. 3.l12, was
used.

If this model is regarded as a linear system, then'the
transfer function, G, can be derived for tension changes, F, in
terms of imposed length changes, L.

This model contains a time-dependent viscous element.

The derivation of the transfer function therefore includes
first order differential equations. |

In terms of the notation of the Laplace Transform,

o = ES | o

The tension generated is the sum of the tensions generated by
the elastic element, E,, and by the visco-elastic element .

containing E, and V,. This can be expressed as

FS) = R(S)+ F,(S). 3.2

1.1 The parallel elastic element

The tension generated by this element is the
product of the modulus of elasticity and the imposed length

change.

RO = ELEO. 3.3



~Fig. 3.1a The three component Maxwell model,

consisting of a parallel elastic element, E; , .and

j
!
1

an elastic element, E; , in series with a viscous
component, V, . In this system the overall length,

L, is equal to the sum of the lengths of the series

elastic element and the viscous element, that is

L o= X + X

I ' Fig. 3.1b The five component Maxwell model,
consisting of a parallel elastic element, E, , and

two visco-elastic elements (B , V, and E,; , Vo).
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1.2. The visco-elastic element

The éhange in length, L, consists of two components,
the change in length (X;) applied to E, and the change in

length (X,) applied to V, (see Fig. 3.1), thus:

and R(S) = ExXy(8) = VoSX,(8). 3.5

From equations 3.4 and 3.5, the tension change, F,(S),

can be found in terms of the length changé, L (S).

F(8) = E{Us) - X )}

and F)(S)

V,S Xo(S),

When X,(S) is eliminated, this gives

E, F(S)
F(S) = EL(S) - ——
2 V,S
EoV,S -
or F(S) = —=2—. (), _ 3.
2 Ey + VoS, (8) é

1.3 The transfer function

The transfer function of the three component Maxwell
model can now be obtained by substituting equations 3.3 and

3.6 in equation 3.2, giving

EaVyS

FS) = ELO + =i LS),
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which- in turn gives

F(S) EpV,S }
= — = E —————
G(S) L(S) { 'Y OE v,

1.4 Imposed length changes

If the applied mechanical stretch is in the form of

.

a ramp of heighf H, and of dynamic phase duration, T, as
shown in Fig. 3.2, then the Laplacé transform for the length

change, L(S), can be derived. .

1.41 Dynamic phase (0 { t {T)

The Laplace transform of a ramp starting at

time t = 0, of unit height and of slope % is as follows:

w - L - &

TS? |

1.42 Static phase (T ¢t)

The Laplace transform of a second ramp,

similar to that of equation 3.8 but starting at time t = T,

can be derived:

n

Lo} - e

1.43 Ramp stretch

Equation 3.9 can be subtracted from equation

3.8 to give the Laplace transform of a ramp of the form given

in Fig. 3.2,

3.7

3.8

3.9
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: = A - A, st
} TS2 T$?2 ©

Y
or  LI(S) = Z{L} = L o - e"‘;‘T).. . 3.10

182"

1.5 Tension changesnas a result of an imposed ramp stretch.

It is now possible to derive the transfer function
for changes in tension, P, in the model, in terms of an

imposed ramp stretch of height, H.

1.51 During the dynamic phase

From equations 3.7 and 3.8,

_ 1 E2VpS
F(S) = Ts2 {EI + E2+st .

Taking the inverse Laplace transform, the tension
resultant from an applied ramp stretch of height, H, would

be

£ H Vo H [ E, ]
= ""‘""t + —r - - —--t
F(t) T . T 1 exp V2 ‘ 3.11

1.52 During the static phase

From equatibns 3.7 and 3.10

~ST .
_ 1-e€ . E2Vo S
F (S) - Tsz— { E] + Ez T V2S}-
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Taking the inverse Laplace transform, the tension

resultant from an applied ramp stretch of height, H, would be

VoH E E
- e ool o ] -

or, if t is measured from the start of the static phase

(t; of Fig. 3.2), then

Vo _Ez] ~ep|-£2
F(t) = EH + T {em[ ng }{1 em[ V;ﬂ . 3.12

Equation 3.12 can be expressed in the simplified form

F(t) = A + Bew[-Ct] 3.13
where A = EH,
- MH _Ez_.]
B = -2 {1 exp[ v 1Y,
E2
and ¢C = . 3.14

2. The five component model

Consiéer a Maxwell model, similar to that of Fig. 3.1a
but consisting of three elastic and two viscous elements,
arranged as in Pig.3.1b. In terms of the'Laplace transform
the transfer function relating length to tension, G(S) of

equation 3.1, can be derived.
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The tension, F(S), generated in the model is the sum of
the forces in the elastic element and the two visco-elastic

elements,

F(S) = R(S) + F(S) + K(S) 3.15

The relationship between the tension generated, F(S), and
the imposed length change, L(S), is the same for both visco-

elastic elements,

- EaVoS 3.6
BS) = s Ls)
and
E3VaS
= —33°
F(S) Ey+ VoS L(S) 3.16

2.1 The transfer function

The transfer function of the five component
Maxwell model can be obtained by substituting equations 3.3,

3.6 and 3.16 in equation 3.15 to give

EoVoS -

. . E3V3S
F(s) E,L(S) + Ey+ VS L(s} + W'L(S).

This equation can be rearranged to give

F(s) EoVo S E3V4 S
G(S) = == = —4 e —3Y39
(8) (s) B+ DERVES * £y + V3S 3.17
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2.2 Changes in tension as a result of an imposed ramp

stretch

. The transfer function for changes in tension, F, in

terms of an imposed ramp stretch can be derived.

2.21 During the dynamic phase

From equations 2.8 and 2.17,

1 E2Va S E3V3S }
F = —_—
(s) {E' RS T E3 + V3§ ),

Taking the inverse Laplace tfansform, the tension resultant

from an applied ramp stretch of height H, would be

1 VoH E V3H E
F(t) = —— .t 220 - -2, ALXLLEY R - I3,
(t) T + T {1 exp[ Vz-t]} 3 {1 exp[ Vi t]}

2.22 During the static phase

From equations 3.10 and 3.17,

- &St EVyS E3V,S
F(S) = 1——e——{E + E2+2VS + E3+3
2tV B3 +V35 ),

Taking the inverse Laplace transform, the tension resultant

from an applied ramp stretch of height H, would be

' E E
F(t) = EH + V%H {exp[——\/%-t]}{exp[v—;-T] - 1}
. VgH E E3
+ —%—-{exp[——\%-t]}{exp[vs T] - 1}

3.18



|
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or, if t is measured from the start of the static phase

(point t, of Fig. 3.2) then

F(t) = EH + T {exp[ v, t }{1 exp Y, T 3.9
C b g - wE )

Equation 3.19 can be put into the simplified form

F(t) = A + B,exp[—Ct] + [_)._exp[—Et] ' 3.20
where ' A = EH
4 ool )
= — e - € _"_T
B = {1 XP| = ¥,
(4 = __E_2_
Vy _
— V3H _ _E,
o = Nt {1 | VST]}
and E == -Ei

V; . : 3.21
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IV MATERIALS AND METHODS

1. Animal preparations.

1.1 Rat

Young albino rats having a body weight of 170g to
230g. were used. They were initially aneasthetised with
Urethane (Ethyl Carbamate - B.D.H.) in normal saline,
200mg/100g of body weight, injected intraperitoneally (Wells,
1965). This was subsequently supplemented with ether,
during the course of the experiment.

The muscle, which was either the soleus or the
extensor carpi radialis longus (BCRL), was arranged so that
its tendon could be isolated and attached to the stretching

apparatus. The fascia and connective tissues were removed

to allow freedom of movement (Denny-Brown, 1929), yet the

blood supplyland prdximal insertion remained intact. A
length of nerve sufficient to allow tetanic stimulation by
external électrodes was left attached to the ﬁuécle. All
unused branches of the appropriate nerve were cut. The
tendon was attached to the stretching apparatus by a length
of pre-stretched stainless steel wire.

The animal was placed in a holding frame and
rigidly held at the joint appropriate to the muscle under
investigation, so that the tensions in the muscle produced
no movements in the limb. The initial length of the muscle

was set at abbut resting length so that, upon the application

 of ‘the mechanical stretch in the unstimulated state, there



19

was no slack to-be taken up before a tension Ehange could be
observed. This was in the range 2.6cms - 2.8cms for soleus
muscle, and 1.4cms ~ 1.5cms for ECRL muscle. A rectal temperature
of 37°C - 39°C was maintained during each experihent.

Stimuli to the nerve were provided by a Devices Mk.III
isolated stimulator which was triggered by a gated pulse
generator (Devices, 2521). The frequency of stimulation
applied to the soleus muscles was 40 pulses per second and to
the ECRL muscles, 65 pulses per second. In both cases an
interval of two minutes was allowed between successive cycles

of stretch or stimulation.

1.2 Hamster

A non-dystrophic, commercially available line of

Syrian hamster (Mesocricetus auratus) was used for the study

of normal muscle. These animals were between 80 and 90 days
old and the body weight of each was in the range 90-100g.
Experiments on dystrophic muscle were performed on animals
from a dystrophic in-bred line of hamsters (B 14.6 strain
from Bioéciende Laboratories, Bar Harbor, U.S.A.), first
described'by Holmburger (Holmburger et al. 1962a & b).

These animals were 80 - 95 days old and the body weight of
each was between 65 and 90g.

The gastrocnemius muscles of each animal were set
up as in section 1IV.1i1. Care was taken to separate this
muscle from the underlying plantaris and soleus muscles. The
muscles were initially set at about resting length. This was
1.3cms in normal muscle and 1.2cms-1.3cms in dystrophic muscle.
A rectal temperature of 36°C to 38°C was maintained throughout

each experiment.
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Stimuli were applied to the sciatic nerve at a
frequency of 50 pulses per second for both normal and
dystrophic muscle. A two minute rest period was allowed
between successive cycles of stretch or stimulation, as for
rat muscle.

Each muscle was subsequently sectioned and stained
for general structure using Weigert/van Geiéen staining

technique (Carlton & Drury, 1957). Phosphorylase activity

" was also checked by the method of Takeuchi & Kuriaki (1955),

~as modified by Eranko & Palkama (1961).

1.3 Tortoise

Adult tortoises (Tustedo graeca) were pithed and

the gastrocnemius muscle removed, together with a length of
the sciatic nerve. This preparation was mounted in a muscle
bath and immersed in Ringer's solution. The composition of
this solution in g. per litre was NaCl, 6.5; KCl, 0.15;
CaCly.2H,0, 0.16; NaHCO; , 0.5; (Seliskar, 1926). The
Ringer's solution was aerated and circulated by a stream of
gas consisting of 95% oxygen and 5% carbon dioxide (see
Fig.4.1).

The distal tendon of the muscle was clamped firmly
to the base of the muscle bath. The proximal end of the
muscle, with a short section of the femur, was then attached
to the stretching apparatus by a length of previously

stretched stainless steel wire.
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The initial length of the muscle was set at about
résting length, which was about 3.4cms in each ease-

Stimuli were applied to the nerve at a frequency
greater than that required to produce complete tetanus at
30°C. This frequency was 30 pulsés per second. The interval
between successive cycles of stretch or stimulation was not
constant, as for rat and hamster muscles, éince the time

-required to cool the muscle through 5°C was not constant.
In no case was this interval of time less than the two

minutes allowed for rat and hamster muscle.

2. Apparatus

2.1 The stretching apparatus

The muscle was fixed to the movable spindle of
an electromagnetic vibration generator (Goodmans V50
Mk.I). Movement of the spindle was brought about by
feeding fhe voltage signal from a testwave generator
(Servomex LF 141) into a current amplifier, the output of
which was fed into the coil of the vibration unit. This.

movement was recérded by a Honeywell LD 11 Linear
Disblacement Transducer..

The output of the displacement transducer was
subtracted from the command signal of the waveform generator
in order to achieve a feedback control of the strefch

applied to the muscle. A filter was introduced into the loop
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' to damp out the natural resonant fréquency of the system.
These techniques allowed the input signél fo be accuratelf
followed by the spindle of the vibration generator.
% _ . Some problems were ‘encountered with the stability
| of the system. Iﬁ particglar, oscillatiéns ﬁere set up in
| the Qibration unit if the gain of the differential |
ramplifier was too great. This coula, to some extent, be

% : prevented by adjustment of the preamplifier gain and the

balance of the current amplifier.

Af times the testwave generator tended to an
; instability,.which resulteq in the vibration unit ﬁoving to
the stretched position without any external trigger pulse
being applied. The circuit of the testwave generafor was

checked, but no fault found. Triggering, in this case, was

probably caused by fluctuations in mains voltage.
Experiments carried out at night did not suffer from this

particular problem.

2.2 Recording of data

2.231 Methods

Tension changes in the musclé were recorded
.by an Ether UFI Load ‘Transducer placed between the muscle and
the:spindle of the vibration unit. . The outputs of the load
transducer and the displacement transducer were simultanebusly
-displayed on a Tektronix 502A dual_beam oscilloscope. Records
_df length and tension changes in the muscle were made by
taking singie frame 35mm photographs of the oscilloscope

display. Measurements were taken from these photogrdphs for

subsequent analysis.
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Length and tension signals of the in-vitro
tértoise experiments were algo recorded on an Ampex 3000
FM tape recorder and subsequently analysed on an IBM 1132
computer.

The eve;ts of tﬁe testwave generator, camera,
tape recorder and stimulator were triggeréd by timed ﬁulses
from a Digitimer, type 3290.

A block diagram of the abparatus is given in

Fig. 4.2.

2.2.2 Accuracy of length change measurements

The output of the length transdﬁcer was
checked against a vernier gauge after_eaéh day's experiments
and a calibration curve drawn. The output voltage was
linear err the range of ﬁovement applied to the muscles.
The famp height for any particular input.signal could be
determined to witﬁin +0.005mm. Tﬁis represents an error
of about 5% for the smalléét stretch and about 0.6% for

the 1argeét.-

2.2.3 Accuracy of tension measurements

Photographé of.OScilloscope displays were
prgjected onto grapﬂ paper, and measurements of ténsion
changes.taken to the nearest 0.5mm. The smallest tension
changes recorded gave movements corresponding td a
" distance of 20mm when projected. Tension could therefore
be measured to within #2.5% of the smallest forces.
Large tension changes were accurate to within iO-lS%.

Analogue tension changes recorded oﬁ magnetic

tape were digitised and stored within a computer. The
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tension iﬁtervals for dafa frdm_tetaniséd ﬁusdle were 4.5 x
1073 N, representing an error of 1%_of-the smalleét tension
change recorded and 0.15% of the largest. Tension changes
in relaxed muscle' were digitised with intervals of 4.5 x
10™*N. This represents a possible error in the range

0.5 - 2% of the forces measured.

2.3 Temperature regulation (tortoise)

The-Ringer's-soiutidn.in the muscle bath of the

in-vitro tortoise experiments was constantly'circulated
| _ through a temperature contfol unit (see Fig. 4.1.). A
‘stream of 95% oxygen and 5% carbon dioxide was used both
to circulate and to aerate the Ringer's solution. A
_Tempette heating unit was used in conjunction with cold
tap water to regulate the temperature. Using this method,
the temperature of .the saline in the muscle. bath could be

controlled to within plus or minus 0.25°C.

3. Methods of Analysis

3.1 Amplitude and velocity of stretch

It has begn shown by Gasser & Hill (1924) and
by Abbott & Aubert (1952) that contracting muscle
subjected to stretch may be irréversibly damagéd, and any
tension development subsequent to the stretch is then
reduced.

- The length of stretch abblied to muscle by

Gasser & Hill to produce this effect is not clear, but

by comparing Figs. 4 and 8 of these authors, an estimate

{ ' of 10mm can be obtained. The velocity of the applied
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stretch ﬁas then in the fange 8 -~ 200cms sec~'. Abbott &
Aubert applied stretches of 4 - 5mm at a vélocity of
0.05 - 3.0cms sec™ .

At the higher veiocities_of_stretch-applied by -
the above authors, a slip.was induced, giving a reduction
in the tension developed by the muscle. These stretches

i' _ . were probably outwith the elastic limits of the cross;
| - . : ' :
} - bridges (Sugi, 1972). . o
In the present study, the maximum amplitude of
stretch was.0.85mm and the velocity did not exceed

1l.4cms sec™!

. These stretches were not great enough to
induce the slip phenomenon (a form of which is given in
Fig. 4.3a and b) and were probably within the elastic
limits of the cross bridges (see Discussion).

Stretching muscle at the amplitude and velocities

used in the present experiments did not ﬁsually result in

any subsequent reduction in isometric tension. The

muscles were therefore not being damaged. If any reduction

in.tension did occur, the results were discarded.

3.2 Lihearitz :

fhe-relaxeh muscle was tested for iinearity by
applying a series of ramp stretches of varying height, H;
but of constant dynamic phase duration, T. The resultént
tensions were measured at points duriﬁg the static phase
of the ramp. The range of linearity was then determined
.ffom the Height/Tension graph.

The tests were repeated for muscle in the

stimulated state. The muscles were subjected to ramp

_stretches while undergoing tetanic contraction, and from



]
!
:
!

Fig; 4.3a Tension produced during a ramp stretch
of 0.85mm, applied to tetanised rat soleus muscle,
at a velocity of 13.60' mm sec' . The tslip?
phenomenon, probably similar to that of Sugi (1972),

is indicated by an arrow.

Fig. 4.3b Length (upper trace) and tension (1owér
trace) during a ramp stretch of 0.34 mm applied to
tortoise_gastrocnemius muscle at 15°C. The stretch
velocity.of 10.20 mm se¢' has induced a tension
slip (indicated by an arrow), which is probably

similar to that of Sugi (1972).
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these tensions the corresponding values of an unstretched

contraction were'subtracted. This gave the amount of .

tension due to the mechanical stretch.

3.3 Static and dynamic elasticity

The difference between tension at the end of the
static phase of the ramp, and tension in the absence of a

ramp is defined as the static tension change and is

equivalent to A of equation 3.13. The amount of static
tension change per gnit of stretch is the static
elasticity, and is given.in units of Nm™'.

Similarly, the difference bétween the peak o
tension at the end of the dynamic phase .of a ramp and-the
subsequent steady, or near steady; tension at the end of

the static phase, is defined as the dynamic tension change.

This is equivalent to B of equation 3.13. The amount of
dynamic tension per unit of stretch is the dznami§
elasticity and is given in units of Nm~' .

fhese quantities have been used in the
discussion to relate the results of this thesis to the

model of muscle first put-forward by A.F. Huxley (1957).

3.4 an&-% - decay times

ol

The time taken for the tension in a muscle to
fall from the peak value at the end of the dynamic phase
to the point where the tension is equal to (A+3B) is

termed the half-decay time of the muscle. The equivalent

time for the tension to fall to (A+ 3B) is defined as the

7 - decay time.
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3.5 Determination of By B, and ¥V,

3.5.1 Rat and hamster muscle

In ordef to determine the values of the
viscous and elastic components, and to test the model, the
tension records of ramps of a height within the linear
range were used. The dynamic phase, T, of stretches
applied to the muscles was of 0.0625 seconds duration.
Initially it was assumed that the coméonent of the tension
aue to the ramp stretch could be'fittgd_fo the curve of
equation 3.13. The plateéu ténsion at the end of the
\ static phase of the ramp was measured to give the value
| of ‘A. The peak tension (that is, the tension at the end
of the dynamic.phése) was measured to obtain the value 6f B.
The value of the half-decay time waé used to determine C,
as in Fié. 4.4. The values of E,,E; and V, were then

determined acdording to equation 3.14.

3.5.2 Tortoise muscle

Values of the visco-elastic conétants for
tortoise muscle were determingd by applying ramp-stretcheé
with a height, H, within the linear range.and of dynaﬁic
phase duration, T, éf 0.0625'8econds. Analogue tensioﬁ

data from -these experiments were stored on magnetic tape.

A fortran computer program was written to receive the
data from the Ampex tape recorded, digitise it-by means of
an.interface (WDV, Munchen), and store.the resultant
information on a magnetic disc-in the compufer. A second

fortran program was written to perform a least squares fit

i
i
b
!
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of the dafa of the static phase of the ramp, for the cﬁrve'
of equation 3.13 (see section 9.1 on curve fitting). This
gave the constants A, B and C of equation 3.13, and hence
the values of By, ,E and 'V for the three component model.
A second least squares fit of the data was found
- _ , for a curve of the form given by eqﬁatiop 3.20 (see
section 9.2 on curve fitting). This gave the five
constants of equation 3.20 and hence the values of RE,, E,,

Eg, V, and V3 of the five component model, from equation 3.21.

4. Comparison of results with the model

4.1 Rat and hamster muscle.

The fitted curve was compared to the experimenfal
tension records in order to determine how well the
experimental curve was an approximation to a single

exponential. The fitted curve was obtained by plotting

the curve A+B.exp (-Ct), using derived values of A, B

and C.

4.2 Tortoise muscle

The experimental tension was compared to a curve

consisting of a singie expohential, A+B.exp (-Ct) and to

a curve consisting of the sum of two exponentials,

A+B.exp (~Ct) + D.exp (-Bt).

5. Muscle length and isometric force generation

5.1 The initial length of muscle

, The festing length at which each muscle was
initially set was near to the maximum in situ length of

that muscle. This length corresponds to a position on the
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length/tension plot of Gordon et al (1965, fig.12) near to
a.sarcomere length of about.2.0/uﬁ, At th;s position,
teﬁsion changes which were due only to moving the muscle -
onto é different part of the length/tension plot, would not
be expected to be very great in respénse to a smal;-change

in length.-

5.2 Consistency and performance of preparations

| 'In order to ensure consistency of performance of
the stimulated muscle, each ramp stretch applied to
tetanised muscle was preceded and followed by tetanic
stimulation without stretch. If these'two records were
identical and showed no sighs of fatigue, it was assumed
that the behavioﬁr of the muscle was also acceptable
during the intervening contractién subjected to a ramp

stretch.

6. Determination of the constants of isometric contfaction.

6.1 The maximum tetanic tension

The values of'the.maximum isometric'tetanic-
tension given in the Results were taken as the maximuﬁ
tepsion above restiﬁg fension, developed by thé.muécle
during the period of stimulation. In the case.of rat
soleus and tortoise gastrocnemius muscles, the isometric
tension was sfill increasing slowly at the end of the
period of stimulation. The maximum tension given for
these muscles is the.tension_developed just before the
removal of the stimulus. The maximum tension given for

these two muscles is therefore slightly less than the
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~muscle is capable.of developing‘at that particular length.
The tenéion developed by rat ECRL and by hémster
gastrocnemius muscles reached a maximum a few milliseconds
after the onset of stimulation, and then declined slightly
with continued stimulation. The values of maximum
isometric tension given for these muscles are the maximum
which could be developed at that particular léngth of the

muscle.

6.2 The half-rise and half-fall times of

contraction.

The time;.T , from the end of the latent period

to the development of one half of the maximum isometric

tension is defined as the half-rise time of the muscle.
The method of measurement éf this parameter is given in
Fig. 4.5. The time from the cessafion of stimulétion to
the point where thé tension is halfway between restiﬁg

tension and the tension at the end of stimulation, is

defined at the half-fall time of . the muscle. These
parameters were fouqd to be simpler to meaéure than the
twitch times (Close: 1964) or the maximum rate of tension
development (Drachma & Johnston,1973). Thé half-rise and
half-fall times were used as a measure of the felétive
speed of contraction of the different:mdscle types, and
lweré uséd to give relative values of the rate constants.

f and g of equation 14 of A.F. Huxley (1957).



*3Tosnu B Jo

¢% ‘owrl UOTIOBIIUOD Sy} SUTWISISP 03 ISPIO UT UINB] SIUSWIINSEIN Sy 813







31

7. Analysis of pooled data

7.1 Rat and hamster muscle

Variations in the values of the visco-elastic
constants of any one muscle were reduced by plétting the
constants A and B of equation 3.13 against the height, H,
of the ramp streteh. Values of A and B were derived from
the slopes of these graphs. The constant, C, of eqﬁation
3.13 was taken as the mean value.of C of the larger stretches
of the muscle, within the linear range of A and B.

The values of By , B and V, for rat and
hamster muscle, presented in the results sectioﬁ, were all

derived from such pooled data.

7.2 Tortoise muscle

Bach tortoise muscle was subjected to many tetani
over a range.of temperatures. To reduce the overall number
of tetani, only oné raﬁp (of 0.26mm height) was applied to

i the muscle at every temperature. Several stretches, with
Var&ing height, H, were applied atltemperatures of 5°C and
; | 30°C only. Values of the constants A, B and C, using

pooled data, were obtained only at these latter temperatures.

8. Units of measurement

Muscle tensions and length changes are expressed

in newtons (N) and metres (m) respectively. The elastic

constants, E; , E, and B, are expressed in newtons per metre



i
H
H
B
i
i
i
i
i
i
i
t

(Nm™' ). Since %% and %% must héve the dimension s,
the quantities V, and V; are given in newtons seconds per
metre (Nsm'). |

By the techniques used, T and H of equation 3.13
could only be measured to two significant places. Other
measurements were accurate to three gignificant places. The
values of A and B of equation 3.13, the maximum isometric
tensions and the contraction times are therefore given to
threesigniﬁcantplaces;The values of the.constant C of
equafion 3.13 and the constants B, , B, and V; of equation

3.12, the calculation of which involve T and H, are given to

two significant places.

9. Curve fitfing by computer

9.1 Single exponential

The digitised experimental data were fitted to the

curve of equation

y = .A + B.exp[—Ct],

If y is sampled at equal intervals of time, h,

then

Yn = A+ &exp[—ChJ’ : : 4.1
Ynsr T A+ B.exp [‘C-tnﬂ]’ 4.2

Yas2 = A + B.exp[—Ct,.‘+2] 43
. 9
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where
tn = nh,
tye1 = (N +1)h
and thag = (0 +2)h

B can be eliminated by multiplying equation 4.1 by é£h
and subtracting this from equation.4.2.l This gives
Yns1 - Va6 M= A - agch ' 4.4
Repeating this for équations 4.2 and 4.3 gives
Yorz = Y1 € = A - A.&h ' 45

A can then be eliminated from equations 4.4 and 4.5 to

obtain

—ch —ch
Yot1 = Yn-© = Y42 =~ Ynnr. €

e—Ch [yn - y"_n] . ' 4.6

01‘ yn+'| - yn.|.2

Equation 4.6 is equivalent to the line

Y = MX, : T 4.7
where Y = Yo~ Yas2,

M = e—Ch
and X = Y " Ynere

Using the tension data from the static phase, the
least squares fit was found for equation 4.7, hence the value

of M. The value of C in equation 4.1 can then be derived
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from M, since

The value of A in equation 4.1 can be derived by

inserting C in equation 4.4 and summing both sides, then

A _ Zyn-n - e-'-C!1 Zyn .
n(1 - e¢h

The value of B in equation 4.1 can be derived by
inserting the values of A and C into this equation and

summing both sides to give

Yy, - nA
T gCtn

This gives the three constants of equation 4.1.

: 9.2 Double exponential

In order to fit data to the curve of the

equation

y = A + B.exp[—Ct] + D.exp[—Et],

it was initially assumed that one of the exponential terms
had a large time constant (C of equation 3.20), relative to
the other. This exponential would decay to zero at an early
stage of the'second, slower exponential decay, as in Fig.4.6.

To derive the slower exponential, the procedure

described in section 9.1 was applied, but starting at time’
t = oty + X,

where t, is the start of the static phase and x has a

E value of 10 msecs.
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The exponential derivéd in this way was then .
extrapolated back to time ty . The resultant curve was
then subtracted from_the eiperimental curve and a second
exponential fitted to the remainder. This was repeated in
an iterative procedure with increasing values of x, to

give the best least squares fit.
10. Statistics

10.1 Mean and standard error

Two methods of présentation of the values of E, ,

E, and V, have been used. Por rat soleus and ECRL, and
for hamster normal and dystrophic gastrocnemius muscles, the
values of the components are given for each muscle, glong
with the mean, X, of these values. .In the case of tortoise
gastrocnemius muscle, the mean and standard error, S.E., are
given for By , BE; and V, at each témperature interval.
Bessel's correction for small samples was applied in the

calculation of the standard error. The formulae used were

X LX

n
. /N
and S.E. = Svha-1 .
S
(Cx)?
. S2 — sz - n
where = a7

10.2 t- and d- tests

In sections 3.1, 4.3, 5 and 6 of the results,

comparisons have been made between the means of two sets of
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values of E, , E and V, .
A variance ratio test was first applied to
determine whether the sample variances were significantly
~ different, or whether it could be assumed that the true
population variances were the same. The value of F'was

determined from

where.'F' is the variance ratio and s? is the variance.
The level of significance was then determined
from tables of F'(given in Lindley & Miller, 1971). The
variances were taken as being significantly different if F’
J was greater than the value of F at the 5% level, for n;-1,
n, -1 degrees of freedom. |

If the variances were not shown to be significantly

different then a t-test was applied to the data (Bailey,

1959, pp 47-49), where

v = Xl = X
1 1
S ﬁT + ﬁ-z-
and 2
2 (Ix) (1%)
52 = Lxit- T+ 1% - Ty .

The level of significance of the values of t° were then

determined for n; + n, = 2 degrees of freedom.
When the variances were taken as being

significantly different, the value of d was determined
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where -)—(.l - Yz

This value was then treated as having a t distribution and
the significance level determined from tables of +t/, with f

degrees of freedom, where

and 52

10.3 Coefficient of correlation

In section 7.2 of the ;esults which deals with the
effects of temperature on tortoise muscle, a possible linear
relationship between the series elasticity and the maximum
isometrig tension was checked. The correlation coefficient

for these two variables was found from

X~ XNY - V)
VIx-%)2, Ty -7)2

The significance level, P, of this correlation was
then determined from tables of r, for n-2 degrees of

freedom (Bailey, 1959, pp 78-80).
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V  RESULTS

1. Linearitx

Befor¢ proceeding to determine whether muscle can
be represented by a three component Maxwell model, the range
of linearity of muscle must be established, since the.
transfer function between length and tension of the model,
derived in section III, applies only to linear systems.

If the system is linear, then the constants A and
B of equation 3.13 will have a linear relationship to the
length of stretch, H. The constant C of the same equation
will be independent of H.

The range of values of H within which muscle

satisfies these conditions was determined.

1.1. Rat soleus muécle

Relaxed and tetanised muscles were subjected to a
number of stretches ranging from O.09mm fo 0.85mm. The
tension developed dﬁring the stétic phasé of each ramp
stretch was fitted to an exponential of the form given in
equation 3.13. The values of the constants A, B and C of
this equation weré calculated by the methods described in
section 1IV.3:3. These values are given for one muscle
(muécle'number 1 of Table 5.3) in its relaxed and tetanised
st#tes. Those for the relaxed muscle are presented in

Table 5.1 and for tetanised muscle in Table 5.2.



:
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Ramp
height

N.

0.006

0.006

0.014

0.009

0.26

0.021

0.024

0.34

0.032

0.43

0.043

0.029

0.034

‘0.50

0.054

0.047

14

0.59

0.068

0.059

13

0.084

0.078

14

0.109

0.094

0.143

14

0.120

14

Table 5.1 Raf soleus muscle: relaxed

Ramp
height

N.

© 0.09

0.024

0.17

0.042

0.26

0.072

0.200

0.389

0.538

0.34

0.087

0.643

12

12

13

13

0.43

0.102

0.50

0.59

0.706

0.126

0.753

0.149

0.67

0.76

0.85

0.191

0.209

0.167

0.873

0.909

0.813

0.849

[ ——

Table 5.2 Rat soleus muscle: tetanised
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1.1.1 Relaxed muscle

The length/tension curves of the
constants A and B of relaxed muscle are given in Fig. 5.1.
These constants aré linear over the range of stretch from
0.0mm to O.4mm.

If the muscle behaves as a linear
system, then the value of the constant.C should be the same
for all amodnts of stretch. The results of Table 5.1
indicate that for relaxed muscle the value of C is
reasonably constant, apart from the value obtained from a
stretch of 0.09mm. At this latter level of stretch the
tensions generated were small (see Fig.5.2) and the constant

C was difficult to measure.

1.1.2 Tetanised muscle

The length/tension curves of the
constants A and B of stimulated muscle are'given in
Fig. 5.3; The constant A can be seen to be linear over the
whole range of stretch applied, while B behaves in a linear
fashion only within the range of stretch from 0.0mm to
0.26mm.

The values of C, given in Table 5.2,

are reasonably constant over the whole range of stretch.

1.2 Hamster, tortoise and rat ECRL muscle

The constants A, B and C (of equation 3.13)

calculated for normal and dystrophic hamster gastrocnemius,
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Fig. 5.2 0.09 mm stretch applied to relaxed rat
soleus muscle. Upper trace, length record; lower

trace, tension record.

The small tensions generated made it

difficult to determine the constant as in Fig. 4.4.
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tortoise gastrocnemius and rat ECRL muscle were all found to
be linear, within the 0.0mm to 0.26mm range of linearity

found for rat soleus muscle (see Figs. 5.4, 5.5, 5.6 and 5.7).

1.3 Determination of E; , B and V; .

The values of B} , B, and V, of the three
coﬁponent Maxwell model have been determined using values
of A, B and C derived from ramp stretches that fall within
the linear range of all three constants, in both relaxed

é : and tetanised muscle. The values of E, , B and V, for
tortoise muscle at 15°C, 20°C and 25°C, given in Table 5.12,
were calculated from stretches of 0.26mm only. In all other

i - results A and B were plotted against ramp height and the

va;ues of A and B, used to determine the visco-elastic
constants, were found from the slope of these lines. The

value of C was taken as the mean of all C within the linear

i range.

1.4 Comparison with other results

Since A represents the parallel elasticity of
the system, E; will be linear within the linear range of A.
The series elasticity and the viscosity are both directly
proportional to.B, if C is constant over the range of

linearity of B. The series elastic element, E, , and the

viscous element, V, , are therefore linear within the range
of stretch of 0.0mm to 0.26mm for contracting muscle. 1In

Fig.3 of Cavagna (1970), the linearity of the series elastic

i
§
;
;
;
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element of frog gastrocnemius muscle is compared with the

‘corresponding results for frog sartorius of Jewell and

Wilkie (1958) and rat gracilis anticus of Bahler (1967).
Of these three muscles, two of them, frog gastrocnemius and
rat gracilis anticus, appear to be linear within the range
of stretch used in this study, that is, up to stretches of
1.3% of restingllengfh. However, in all three muscles
compare& by Cavagna, the stress/strain.curve'of the series
elastic component becomes non-linear and relatively the
stress increases at higher strains. This is in contrast fo
the graph of Fig. 5.3 where relatively the stress of B, which
is directly proportional to the series elasticity, decreases
with increased strain.

The results of the three authors'quoted are all
derived using the isotonic quick release method of  Wilkie

(1956).

2. Time course of tension changes over the static phase.

Changes in tension during the static phase of
ramp stretchés were compared with theoretical tension changes
predicted by the simple fhree component model. Only stretches
within the range of linearity as determined in section 5.1
were applied. A typical tension record of tetanised rat
soleus muscle, from which measurements were taken, is given
in PFig. 5.8a.

The constants A, B and C of equation 3.13 were

derived from tensions produced during the static phase, as in



Fig. 5.8a Length and tension traces of rat
soleus muscle. Trace A is that of a ramp stretch
applied to stimulated muséle, superimposed on an
unstretched tet#nus. Trace B is the tensioﬁ
produced when a ramp.étretch is applied to relaxed
muscle. Trace C is the ramp stretch applied to
the muscle. Time markers, derived from the
digitimer, seen at the end of the length trace,

are spaced at intervals of 0.10 seconds.

Fig. 5.8b Length.and tension records of rat

ECRL muscle. The sequence of traces is the same

as that in Fig. 5.8a. Time markers are at

intervals of 0.10 seconds.
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section IV.3.3. This derived curve was then plotted over the
time course of the static phase and compared with the
experimental tension (see Fig. 5.9).

These results indicate that the simple exponential
predicted by the three component model is a reasonable, but

not perfect, fit to the tension record.

3. Comparison of relaxed and tetanised muscle.

3.1. Rat soleus muscle

The visco~elastic constants E, , B, and V, were
determined for soleus muscles of the rat, in the relaxed
and tetanised states. Typical length and tension records.of
a ramp stretch applied to this muscle are given in Fig. 5.8a.

Data obtained from experiments on nine soleus
muscles are given in Table 5.3. The maximum igometric tension
generated, the contraction time and the value of the visco-
elastic constants are given for each muscle.

The values of E; , B, and V, for each muscle
increase upon stimulation. The values of E, and V,
increase by factors of 23 and 25.respectively, while there is
a smaller increase, by a factor of 3.1, in the case of E; .
Similar changes in BE; and E; can be observed in Figs. 2 and
3 of Sugi (1972).

There is considerable variation within the results
presented in Table 5.3. Some of this variation may.be

attributed to variations in the size of the muscle and
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variations in the maximum isometric tensions generated.

It can be seen from the results in Table 5.4 that
the changes in each component upon stimulation are highly

significant.

3.2 Hamster, tortoise and rat ECRL muscle

Changes similar to those seen in rat soleus
muscle can also be observed in the other four types of
muscle examined. In every muscle the value of B, , E, and
V, increases upon stimulation_(see Tables 5.5, 5.7,.5.8 and
5.13). 'The increase in the value of E; and V, is always
greater than the increase in the value of B, , except in the

case of one dystrophic hamster gastrocnemius muscle.

4. Comparison of fast and slow muscle of rat.

4.1. Rat ECRL muscle

The visco-elastic constants were determined for
ECRL muscles of the rat. Typical length and tension records
of this muscle are given in Fig. 5.8b. Data from experiments

carried out on nine muscles are given in Table 5.5.

4.2 Dimensionless ratios

If a muscle behaves according to the simple three

component system, then it should be possible to determine

~ values of Ey , B and V, . These values are presented in

Tables 5.3 and 5.5 for rat soleus and ECRL muscles. However,



-S2383s pasTu®ld3} pu® paxXeIad

UT SOSnW SN3[OS 3BI Jo uOoSTIedWO) §°GC °TdBL

|
ee'g = 3, |
T00°0> w 10°2L oee b6 '\
’ I"ge¢ =pP
£1°8 = 3 |
100°0> _ €-L2T 0092 i oect 2:
g-02 = P
oT = (SN
100°0 > . oce 8L lg
69°8 =2 L0°¢C
juedTITUSTS 6 =14 6 =0
a fou = "S°N (sanTeA uzow) (sanTea uesw)
0 2 i P33BTAWT3S paxer1ax

,

:sSnafos 31®'y

isnatos 1Y




sTosnu TOF 384 G°S 9TqEL

. | “ : sanT®RA
02 92 g1 o1e b1 00IT S 09 88 £20°0 | Tev°0 vean
sg b Ly ose ) 0012 ki 062 | 19 080°0 ¥8E 0 6
" m
09 S 0°9 oT¥ 8°9 002T ee ove ob | 08070 | 9.§°0 8
o€ 12 g 2 09 €1 00€T | €9 - 08T 9 080°0 |  898°0 L
8's 21 b oL 1 088 bL 00€ 88 080°0 |  88b°0 9
b1 ST z-€ O pIT £°g 06% ee 0LI € 190°0 TI€°0 S
'S v-g s-e L8 LT 2 98 o€ - o€ 190°0 A LAl ¥
21 zz o°T 08T ST 056 b 082 oLT 080°0 s2£°0 £
L*S by ve 0LT - o€ 002I Le 0.2 0TI €200 62€°0 z
. “
oI 19 S 0sT €1 000T v6 062 €L 19070 020 3
pajeTnwrlS| POXeTSY |POleTNWI}S| POXRTSY [PRIBINWTIS| PIXETdY| < g N
-xeray 9 | -xersy 4 |xe19y lw
. | -USN . (N swrs uoISuU’dl | IoquUNUuU
‘wrlS @ | -wris 9| curis ‘g %A : g g yoT3oRIIUO)| OTI}DwOSY| ITOSAK




44

these values take no account of the'dimensiéns of the
muscles. The muscles themselves do not conform to a regulér
geometricgl shape and it is therefore not easy to express
these constants in terms of a sample qf unit size.

If it is assumed that there is little variation
between the dimensions of a relaxed muscle and a tetanised

muscle, then the dimensionless ratios

"B, tetanised E, tetanised V, tetanised
’ and ’

E, relaxed E; relaxed V, relaxed

may perhaps be used as a basis for comparing muscles of one

type with those of another.

4.3 Comparison of rat soleus and ECRL muscle

It can be seen from Table 5.5 that there is
considerable variation in the values of the visco-elastic
constants derived for each ECRL muscle and that this
variation is greater than that observed in soleus muscles.
This can.be illustrated by comparing the rahge of the
parameter E; for each type of muscle. The value of E; for
tetanised soleus muscle varies from 170 Nu' to 250 Nm™'
while E, of tetanised ECRL muscle lies within the range of
170 Mi' to 330 Nmi' .

In Table 5.6, the means of the ratios of each
constant, the means of the isometric tensions generated and
the means of the contraction times for soleué and ECRL

muscles are compared. From this table it can be seen that

the isometric tensions of the two muscles are significantly



S7osnw T4Dd PUe SnafosS 3eI Jo uoSTIedWOD 9°S STqEL

6 = I
100°0> 7 i . ] surd
0-€T = p | 90-8T £€2L0°0 692°0 UOT30RIIUOD
100-0 ot = &, ("S$°N) UOTSUS]
‘0> . . ' .
1
T = I -xeTay A
*S°N $S°S oz se S—
ShL°Q0 =P ‘wris A
T =3 ‘xeToy °Hg
SN g
65b°0 = D 1S°S T XA -wr3s %@
9T = 3, (*S°N) ‘xeT9y 4
*S°N . . . :
. £€02°0 = 3 90°T 81 rre ‘wrls g
juedTFTud TS pqduﬁ«..nwmﬂm 6 = U 6 =1U
jou = °S°N p I0 3 jou = *S°N (SsnTBA UBIW) (senTea u®BduW)
d ’ E 0T 3eY snatos 3y




45

different, as are the contraction times. However, no

significant differences can be shown between the three

:.3'_c0mponents, Ey , E, and V, , by this method.

5. Normal and dystrophic muscle

Experiments were performed on fourteen normal
and on thirteen dystrophic hamster gastrocnemius muscles.
Transverse sections of the dystrophic and normal musgles
are reproduced in Figs. 5.10 and 5.1l.. The dystrophic
mus;1e fibres shown in Fig. 5.10a vary in diameter from
30 ym to 80 um and almost all of them have centrally placed
puclei. Several of the d&strophic muscle fibres (those
indicated by arrows in Fig. 5.10a) have lést their aﬁgular
outline and are stained darker than the_others. These

darker fibres showed no evidence of phosphorylase activity,

whilst all other fibres showed moderate (see two fibres in

the top left of Fig. 5.10c) or intense activity. This is
illustrated in Fig. 5.10b, where abqormal muscle fibres are
shown enlarged and stained for general structure, and in
Fig. 5.10c where the same fibre is shown stained for
pho&phorylase activity.

~ In Fig. 5.11' a section of a gastrocnemius muscle
takeﬁ from a hamster from a non-dystrophic line i§ shown.
The fibres of this ﬁormal muscle vary in diameter from 40 um
to 110 pm. No rounded, dark-staining fibres were present in
any of the muscles from non-dystrophic hamsters. However,

many of the fibres had the centrally placed nuclei, which



Fig. 5.10a A section of a gastrocnemius muscle
from a dystrophic hamster. Magnification is x192.

The abnormal, rounded, dark staining fibres are

indicated by arrows. Note the éentrally placed

nuclei in many of the fibres.

Fig. 5.10b One of the abnormal fibres of

Fig. 5.11a at increased magnification (x 325).

Fig. 5.10c The same section as shown in Fig.5.11b

but stained for phosphorylase activity. Note the

total lack of activity in the.abnormal fibre.
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Fig. 5.1 A section of gastrocnemius muscle
from a normal hamster. Magnification x 368.

Note the absence of any abnormal fibres.
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would not be expected for normal muscle (Holmburger, 1966).
Tfpical length and tension recdfds of_normal and
dystrophic muscles are given in Fig. 5.12a and Fig. 5.12b
respectively. Data from the experiments on these muscles are
presented in Tables 5.7 and 5.8. Muscle number 11. in
Table 5.8 is the only muscle in which the increase in B, upon
stimulation is greater than the ﬁorresponding iﬁcrease in E, .
The'normal and dystrophic muscles are compared in
Table 5.9. As the same anatomical muscle is examined in
both normal and dystrophic animals, it should be possible to
make a direct comparison between thg values of the visco-
elastic constaﬁtsl_without the ﬁeceSSity of comparing
dimensionless ratios.
These two types of muscle are compared in both the
relaxed and tetanised states. As may be seen from Table 5.9,

in both the relaxed and tetanised state, there is a

significant difference between_thé values of E, derived from
normal muscle and those derived from dystrophic muscle. The
values of E, also show these significant differences, while
no differences are shown between the values of V, . In
addition the isometric tensions and the contraction times of
the two groups of muscles are shown to be significantly

different.

6. Comparison of other pairs of muscles

Of the five muscle types which have been examined,

tortoise gastrocnemius muscle at 15°C and normal hamster



Fig. 5.12a Length and tension traces of a rémp
stretch. applied to normal hamster gastrocnemius'
muscle. Trace A is the tension préduced by a ramp
stretch of 0.26 mm applied to tetanised muscle,
superimposed on an unstretched'tetanic contraction.
Trace B is the tension produced when the same
stretch is applied to relaxed muscle. Trace C is
the ramp stretch applied to the muscle. The time
markers at the start of the length trace are

spaced at intervals of 0.10 seconds.

Fig. 5.12b Length and tension traces of a ramp
applied to dystfophic hamster gastrocnemius muscle.
The sequence of traces is the same as for normal
hamster muscle. Time markérs are at intervals of

0.10 seconds.
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gastrocnemius muscle develop maximum isometric tensions
whicﬁ are similar, with values of 3.25N and 3.57N
respectiveiy. These two muscles are very diffe?ent with
~regard to their contraction.times, with values of 1.51
seconds and 0.126 secohds respectively. The isometric
tensions, contractioﬁ times and the visco-elastic constants
of the stimulated muscle are compared in Table 5.10. It
can be seen from this table that both the parallel
elasticity, E, , and the series elasticity, B, , are
significantly different, but there is no significant:
difference between the viscosities of the two miscles.

In Table 5.11 normal hamster muscle is compared
with rat.soleus muscle. In this pair of muscles the
contraction times and the maximum isometric tensions are
both highly significantly different. The parallel elasticity
and the series elasticity are also highly significantly
different for each.mUScle, but as in the comparisons made in
Table 5.10, no difference is shown between the viscosities of

the muscles.

7. Effect of temperature on components of tortoise muscle

Tortoise gastrocnemius muscle was stretched in the
relaxed and tetanised state at temperétures within the range
of 30°C to 5°C (which was the lower limit of the cooling
apparatus). Stretches were applied at temperature intervals
of 5°C. Typical length and tension records for tortoise

muscle at 30°C and 5°C are given in Figs. 5.13a and 5.13b.
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Fig. 5.13a Length and tension traces from a

0.26 mm ramp stretch applied to tortoise
gastrocnemius muscle at 30°C. Trace A is the tension
produced by.the application of a raﬁp stretch to
tet;nised muscle, superimposed over an unstretched
tetanus. Trace B is the tension produced in relaxed
muscle when a ramp stretch is applied, and trace C
is the applied ramp stretch. The time markers at

the end of the length record are spaced at intervals

of 0.10 seconds.

Fig. 5.13b Traces similar to those of Fig. 5.13a,
but at a temperature of 59C. The time markers are

spaced at intervals of 0.10 seconds.
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Results were obtained at 30, 25, 20 and 15°C.
Thereafter the apparatus was left to cool to 5°C.and further
stretches applied to the muscle af this temperature. The
apparatué required a considerable time to cool at the iower
temperature and it was therefore not possibie to equilibrate
the temperature at“10°C. Mean values of the constants E; ,

E; and V, of seven muscles in the relaxed and tetanised

states are given, for each temperature interval, in Table 5.12.

7.1 'Relaxed muscle

‘The values of Ey , E and V; for a single muscle
are displayed graphically in Fig. 5.14 and the equivalent
graphs for the mean values of these constants are given in
Fig. 5.15. It ;an be seen that the visco-elastic constants
all decrease in value with increasing temperature, with the

largest decrease taking place in E,

7.2 Tetanised muscle

The values of By , E, and V, for a single muscle
are displayed graphically in Fig. 5.16 and the equivalent
graphs for the mean values of these constants are given in
Fig. 5.17. 1In the stimulated state; the.parallel elasticity,
B, , increases with increasing temperature. The viscosity
does not vary a great deal but has its highest value at the
lowest temperature. The value of the seriés elastic element,
E, , is low at 5°C, incréases to a maximum at 20°C and then

decreases once more above this temperature. The maximum
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isometric tension increases with temperature with a Qi of

1.4 between 5°C and 20°C, reaching its highest value at 25°C
then decreasing slightly at 30°C. There is a-similarity
between the relationship to temperature of both the series
elasticity and the isometric tension. The relationship between
E; and the isometric tension is linear (r = 0.949, P (0.02)

over the range of temperature from 5°C to 30°C.

8. The five component model

Values of the visco-elastic constants of the three
component Maxwell model are given in Table 5.13 for seven
tortoise gastrocnemius muscles at 25°C. Values of the visco-
elastic constants of the five component model were derived
for the same muscles (Materials and Methods,.section 3.3.2).
These values are presented in Table 5.14.

The value of the parallel elastic component of
each muscle is the same for both models. The value of the
series elastic element, B, , is smaller in every case, in the
five combonent model than in the three component model. In
most muscles the viscous element, V, , remains unaltered.

In Fig. 5.18 the exberimental curve is compared
with curves derived from each model. The experimental
tension decay can be seen to be best fitted by a curve which
can be predicted by the five component Maxwell model. This
curve consists of the sum of two exponential terms, one of
which has a large decay constant and the other a relatively

small one.
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9. Tension changes used in discussion of the Huxl ey model

of muscle.

In the discussion, tension changes in relaxed and
tetanised muscle éfe related to the modei of muscle
derived by A.F. Huxley (1957). Differences between rat

soleus and ECRL muscles, and between the gastrocnemius

' muscles of normal and dystrophic hamsters, are discussed in

tefms of this model. Changes in the responses of tortoise
géstrocnemius muscles with temperature aré'also.examined.
The tension changes.relafed to the Huxley model . i
are given in Table 5.15, for rat muscles, Table 5.16 for
hamster muscles, and Table 5.17 for the muscles of the

tortoise.
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VI DISCUSSION

In section V of the thesis results are given which
are derived from length changes applied té muscles of the
rat, hamster and tortoise, both in the relaxed.and
coﬁtracted states. The static and dyhamic tension changés,-
and the half-decay times were.détermined for each'stfétch.
These figures were used to compute theé dynamic and static
elasticity for each muscle and were also_uséd to compare
thé behaviour of each huscle with a lingar Maxwell model
coﬁsisting-of'two eléstic elements, E, and B, and a
viscous element, V, . |

These results will now be considered in
relation to the sliding filament model of muscle which
 was probqsed by A.F. ﬁuxley'(1957) and extended by
A.F; Huxlef and Simmons (1970, 1971), and A.F. Huxley
(1974). A summary of the Huxley model.is given before.

correlating the results of this thesis with that model.

The Sliding Filament Model of Muscle

- Structure of muscle fibres

Muscle fibres contain the two filamentous
proteins, actin and myosin (Straub, 1943; Szent-Gyorgyi,
1943). These filaments interdigitate befﬁéen bne
another (H.E. Huxley, 1953)- The myosin is confined to
the A bands of a muscle fibre (Hanson and H.E. Huxley,
1953) and the A 5ands maintain a constant length when fhe

muscle is lengthened and shortened (H.E. Huxley and
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Hanson, 1954; A.F. Huxléy and Niedergérke, 1954); This: -
has ied to the structqre of the contractile proteins of _
- muscle being represented as in fig.1l of A.F; Huxley (1957).

The length of the myosin filament is about
1.6Qum (Page and H.E. Huxiey, 1963) and the actin is aboﬁt
1.95um long (Page.1968). .It is probable that the lengths
- of these'fwo filaments remain fairl? constant during
éctivation of the muscle (H.E. Huxley and Brown,.1967).
Length changes in muscle are brought ;bout by tﬁe two sets
.of filaments sliding over oﬁe another.

The repeating unit of these interdigitating
proteins in a muscle fibre, the sarcomere, varies in
length as the filaments slide over one another. The
maximum force is generated by a muscle when the length of
the éarcomere is 2.0 - 2.2%um (Gorden et al., 1966). It
is likely that this sarcomere length is constant within
the vertebrates (A.E. Huxley, 1974).

In addition to the proteins actin and myosin,
it seems probable that fhere is another series of
filaments, which are céntihuous_throughoﬁt the myofibril
(Carlsén et al., 1961; Sjostrand, 1962; McNeill and

Hoyle, 1967; Walcott and Ridgeway, 1967).

’

Generation of force by a muscle

It has been shown by Ramsey and Street (1940),
and by A.F. Huxley and Niedergerke (1954), that the -
_tensiqn which can be.genefated by a muscle during
iéométric contraction depends upon the length at which

the musclé.is held. Alteration of muscle length and hence
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'a chznge in the area of overlap of the filaments alters

the force generated, but has no effect on the rate of .
sﬁortening of the muscle, under conditions of zero load
(A.F. Huxley and Julian, 1964; Gordon et al.,1966). This

would indicate that force is generated by structures

~acting in parallel within the sarcomeres, and that these

structures have an intrinsic maximum speed of .shortening.
The rate of shorteﬁing of a muscle wouid then be the sum
éf the speed of shortening of each sarcomere in series
within a muscle fibig.

One aspect of this shows up in muscles with a
differenf sarcomere length from that found in the
vertebrates. Muscles ﬁith more numerous but shofter _
sarcomerés should be capable of more rapid rates of

shortenlng while those with longer sarcomere 1engths

- should be slower. A relat10nsh1p of this kind has been

shown in arthropods, where sarcomere length varies

greatly from one muscle to another (Jasper and Pezard,

1 1934; Atwood et al, 1965).

Cain et a1.(1962) have shown that during muscle
contractlon adenos1ne trlph0sphate (ATP) is converted to
aden051ne d1phosphate (ADP) and 1norgan1c phosphate (pi).

These relatlonships indicate that force is
generated by-somé mechaﬁism in the overlap zone of actin
and myosin. These force generators act in parallel to
geﬁerate a force, and the rate of shortening is thg same
for each. The generation of force within the sarcomeres

is coupled to the supply of energy from the breakdown of ATP.
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It is probable that force generation is initiated

in response to the release of calcium ions from the
transverse membrane system which invaginates throughout

each muscle fibre (see Ebashi and Endo, 1968, and

Ebashi et al, 1969).

Action of the force generators

The force generators, 6r cross-bridges, can
probably be identified with projections.from the myosin
: molecules observed by H.E. Huxley (1957, 1963)..
| | ‘Since the total length of a myosin molecule is

about 0.2 um (Rice, 1961; Zobal and Carolson, 1963;

Rowe, 1964) and the amount of sliding in a single

contraction may be as much as 1.0um, it is unlikely that
any one cross-bridge remains intact throughout a
contracfion. It is likely thaf there is a cycle of

" forming, breaking and reforming of each cross-bridge.

According to the hypothésis_for the mechanism of muscle

contraction put forward by A.F. Huxley (1957), the

tension, P, generated during an isometric contraction is:

P = f ' . msw
) m

where m

the number of binding sites on the myosin,

.per cubic metre.
.s = sarcomere length
% o W= the maximum work done in a cycle at one site
: | 1 = separation of binding sites along the actin

filament
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f = rate Eonstant governing formation of

cross-bridges

g = rate constant governing breakdown of

croés-bridges.

It has béen suggested (H.E. Huxley, 1969) that
each of these cross-bridges consists of two components:
an element which can rotate and an inelastic element which
1Iink$ the rotating head to the actin molecule. This
proposed structure of the cross-ﬁridge has been modified
(A.F. Huxle? and Simmons, 1971; A.F. Huxley, 1974) so th;t

.the link between the rotating héad and the myosin molqculé
is elastic instead of inelastic, and further th;t th;
rotating head can exist in two, three or four staGIe
positiqns, each with a lower potgnfial energy than the one
beforé. Tﬁe cross-bridge head would be able to switch,
reversibly, from one stable state to another.

' To stretch the cross-bridge link, and hence
generate a fofce, the créss-bridge head must ﬁotate to a
position of ‘lower potential energy. This.woﬁld require
activatioq eneigy only.

The energy,necessary'tb drive such é system
could come from the final detachment of the cross-br1dge
head from the actin molecule, after the cross-bridge head
has reached the position of lowest potent%al energy. This
final splitting of the actojmyosin link would bé coubied
to the hydrolysis of a molecule of ATP (Taylor,_1972).

Once detached, the myosin head-would then become available

for binding with another site on the actin molecule.
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Repetition of this pro;ess would bring about the
slidihg of éctiﬁ and myosin molecules between one another,
with the subsequent shortening of the sacromeres and
shortening of the muscle during isotonic contraction. The
cycles of shortening of crosg-bridges during an isometric
contraction of the muscle would result in the generatioﬂ

~of force.
~ Some variations on' this-theory of contraction of

muscle are discussed by A.F. Huxley (1974).

The Response of Muscle to Alteration of Length

Stress relaxation following stretch

'.The application pf controlled stretches to
ﬁusc}e has been used to stﬁdy the propertiés of.muséie and
to help elucidate the mechanism of muscle contraction.

Gasser and Hiil (1924) applied ramp stretches of
aboﬁt 4. 5mm té the s;rtdrius muscle of frog and found that
at moderate velocities of stretch, probably in the range
-of i,o - 10cms. sec™! , the tension rose to a peak during
the dynamic bhase of the ramp and thgn dgéayed-roughly
exponentially to some ﬁew level of tension. At slow rates
of stretch, probably <1.0cms sec™', the change in tension
had the same form as the extension curvé, and was
reversiﬁle. At faster rates of stretch, ub to 80cms sec™t,
Gasser and Hill found that the tension rose.fo a peak_and
then fell to a level below that of isometric tension,:before.
redeveloping to some new ;evel approaching that of

" isometric.
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These findings were related by Gasser and Hill

to a model of muscle consisting of a protein matrix in a

fluid medium, with the proteihs.having different viscous

and eiastié_coefficients in_the.passive and active states.
The results of Sugi (1972) are similar to those
of Gasser and Hill (1924).' Moderate_velbcities;of ramp

stretches applied to the semitendinosus muscle of frog

'produced-tension.responses_similaf to those of the

moderate velocity stretches of Gasser and Hill, and
similar to those shown in fig.5.8 trace A. Ramp stretches
greater than 1% of the length of the muscle, and at

velocities > 30cms sec"produqed tension responses similar

to those of the rapid stretches of Gasser'ahd'Hillf

However, the rapid stretches of Sugi for less than 1% of
muscle length did not show the decay below isometric.
tension, but continued to develop tension until the end

of the ramp stretch, and then decayed-to some- plateau

value. Sugi has explained his results in terms of the

A.F. Huxley (1957) sliding filament model of muscle. -
Stress relaxation curves, similar to those for

moderate velocity stretches applied to active muscle by

"~ Gasser and Hill, by Sugi and as seen in fig.5.8 trace A

of this thesiS, are also shoWn-by Abbott and-Aubert (1951).
Stress relaxation'foliowing ramp- stretches applied'td
passive muscle, similar to those of fig, 5.8 trace B,-cah
be seen in the publications of Abbott and Lowy (1956),

D.K. Hill (1968) and Ullrich (1970).
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Stress recovery following release

When tension redevelopment folléwing a constant
velocity reduptiqn in length is examined, fwo.bhases can
be seen (A.F. prléy and Simmons, 1970, 1971; A.F. ﬁuxley,
1974).. In the examblé of Huxley and Simmons, the tension
recovery of frog semitendinosus muscle.at 0°C - 4°C has a
fast phase with a half time of'qPqut 0.5msecs - 1.0msecs,
‘and a slow.phase with a hélf time of about 25msecs.

‘Similar results to those of Huxley and Simmons
have been shown. in response to rapid constant velocity
shortening or lengthening of glycerinated frog_sartérius
.and tortoise ileo fibularis muscles by Heinl et al.(1974)..

Lenéth transients in response to step changes in
load, consistiné of two phases, which may be.equivalent to
the tension transients of Huxley and Simmohs, have been
demonstiated by Podolsky (1960), Civan and Podolsky (1966)
‘and by Joyce and Rack (1969). |

A stress relaxation curve with two decay
constants is discussed in relafion to the résulfs of this

thesis.

Linearity of Tension Responses

Soleus muscles of the'rat.were subjected to
strefches of up to 0.85mm. The static.tenSion changes in
active muséle, as a result of ramp stretches, were linear
up to stretches of 0.5mm in every muscle, and in $ome
mﬁscles were linear over the range of stretch from 0 - 0.85mm.

The dynamic tension changes of active muscle were found to
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be linear for length changes up to ‘0. 26mm.

A ramp of 0.26mm is equivalent to a length of
change of about 1% of total muécle.length. However,
soleus muscle of the rat has fibres .which are
approximately 50% of the length of the muscle (Close, 1964).
A stretch of 1% of the muscle length would thus répresént

an increase in sarcomere length.of 2%, if all of the

" stretch extended the fibres. If some of the length change

is taken. up by passive elemenfs of the muscle in series
with the muscle fibres (e.g. tendon - éee Pennycuick;
1964; .D_.K. Hill, 1969; Blangé et al 1972) then the
linearity of the tensiﬁn-response is likely to be less
than 2% of the sarcomere.

The range of iinearity_of the elastic components
‘of rat soleus muscle would appear to lie within the range
of 1 - 2%_extension of thé mﬁscle fibres.

The value of the,dynahic Fension may depend on
purely passive barts of the muscle or may:also be due to
elasticity within the cross-bridges of the muscle. The_
non~-linearity of the dynamic tension change could bé due
to the mechanical breakdown of these cross-bridges, when
the muscle fibres are extended by more than 1 ~ 2% of their
length. If this is the case, ihe.non linearity woﬁld be
such that the dynamic tension ch#qge should become
reiatively smailer at longer extensiops of the muscle.
This is what is found in active muscle (see fig.'5.3).
This non iinearity of the dynamic tension may be still
fufther_increased, since the rise time of each stretch was

constant, thus increasing the velocity of stretch with any
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increaselin amplitude of stretch. Accbrding to the
A.F. Huxley theory of muscle contraction, increasing the
rate of stretch will increase the rate of breakdown of |
 cross—bridges.
Since the non linearity of the tension responses
- of passive muscle is the result of the tension becoming
relatively greafer at longef lengths of stretch (§ee
fig; 5.1), it is unlikely that, ‘at these longer lengths of
stretch, the static and dynamic tensions of passive'muscle
are a measure of the same.pa;ametef as_in active muscle.
| The ECRL muscles of rat, and the gastrocﬁemius
muscles of normal and dystrophic hamster, and of tortoise,
were found to give-iinear tension responses within the
linear 1imits.of streteh found for rat muscle. When
disgussiﬁg these muscles, tension cﬁanges have been used
whidh_correspond either'to a 0.26mm ektension of the
muscle or to a.stretchlwhich wo@ld give approximately a
1% exténsion of the sardomerés. In either case, the
amount of stretch'appliéd to tﬁe musc;e-is within the

lipnear range of the tension responses.

Rat Muscle

Dynamic tension changes and stress relaxation

The values for dynamlc tension changes in
passive and actlve muscles of the rat, and decay times of
the stress relaxation curves are given in Table 5.15.

The dynamic_tension'changes observéd in relaxed

muscle may be due to the extension of inert parts of the
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muscle (Guth, 1947; A.V. Hill, 19525 McNeill and Hoyle,
1967; Rapopert, 1973), 6r they may be the result of the
extension of'cross—bfidges within the passive muscle
(D.K.,__H_ill », 1968, 1970). Alternatively, the dynamic
tension changes. of passive muscle may be due to a- |
combination_of these two possible processes.

If the dynamic elasticity of passive muscle is
due to cross~bridge activity, tﬁen this activity could be
expected to ihcfeaée qpon-stimhlation. -If the dynamic
elasti?ity of'bassive muscle is due to passive elastic
elements in parallel with the contractile mechanism, then,
whgn the sarcpmeres of the muscle shorten at.the expense
6f series elastic elements, during iéometric contraction,
the parallel structgres would aL;o shorten,. giving a
redUctién in the dynamic tension. It can be seen from
Table 5.15 thét the dynamic elasticity increases upon
stimulation of. the musclé.- The dynamic tension change in
passive muscle is only ;bout 5% of the-dynamic tension.

' chapge in active muscle, for the same stretch. It is
therefore likély that dynamic tension changes in
coﬁtfacting muscle are dué t6 extension of some-pgrt-of
the contractile mechanism of the muscle.

| It is not possible to éay whether the dynamic
elasticity of passive muscle is due to passive or active
elements of the muscle, nor is it bossible to say whether
fheldynamic elasticity is measuring the same part of the

muscle in its passive and active states.
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If the dynamic elasticity is a function of the
contractile mechanism of the muscle, it might be expected
that some COrrélation should bé.found bétween the dynamicl
tension changes and the isometric'force generated by the'
muscle. In fact a high degree.of correiétion was found
for soleus muscle (r g 0.923 giving a P valué < 0.001),
but this corrélation was not shown'forzECRL muscles.

‘The valﬁe of the dynaéic tension of active
muscle can be calculated for a 1% increase in the léngfh

. of the.sarcbmeres. .Some cursory measurements of fibres
of ECRL muscles indicate that they run for approximately
50% of the length of the muscle. A 1% in the length of
thé soleus muscles wou}d correspond to an extension of
_0.135mm and the equivalent extension of ECRL muscle would
be 0.0725mm. These extensions presume a rigid tension,
but for the purposes of comparison, may be legitimate.

The increase in the dynamic tensioﬂ in response
to a.l%.extension of the'sarcomeres,_when calculatéd as @
percentage increase over the isometric tension, is
approximately 29% for soleus muscles and 16% for ECRL.
o The 'value of the dynamic tension changes for
soleus muscle is about the same order of magnitude given.
by Rack and Westbury (1974) for cat soleus muscle (35% -
50% for a 1% extension pf the sarcomeres), though the
values in this thesiS'are_slightlyilower. The figures
quoted from Rack and Westbury refer to their "short range
stiffness“ witﬁin the ﬁuscle. 'Tﬁe values of the dynamic

elasticity quqted for rat muscle in this thesis are also
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comparable in magnitude to fhe slower'elasticity of
A.F.'ﬁuxley'and Simmons (1971), though it can be seen from
their fig;3 that the incfease in tension in response to a
1% increase in the length of the sarcomereé'is sqmewhat.
ggééfer.fhan those given here for soleus muscle.

| In soleus muécles,.thé extensions of more that
1 - 2% of the sarcomeres.pféducq_nqq—linear dynamic
tension responses. It has been:shown by Sugi (1972) that
at-strgtches.greater than 1% exténsion of thé saréomeres,
and ét.rapid rates of_stretch, the tension responée shows -
a 'slip' phenomenon, attributed to the mechanicél breaking
of C?OSS-bridgeS}\:

From these observations, it seems likely that
the dynamic elasticity, as measured for contracting muscle
of the rat, is a measure of elasticity within the cross-
bridges. The non—linéar tension responses 6fllongér
_ stretches are pfobably the result of the breakdown of
cross~bridges. | |

It has already been noted that the value of the
. dynamic elasticity of ECRL muscleé ié low, coﬁparéd.witﬁ
that of soleﬁs_mUScles. From.fig. 5.8 it can also be
seen thaflin soleué muscle there is a sudden decfease in -
tension at the end of the dynamic phase, and that stress
relaxation dufing the static phase of thg ramp is therefore
-bipﬁaSic in nature. The eduivalent stress relaxation in
ECRL is not biphasi§ (see also values of t%.and t% in
Table 5.15). The overall decay of tension is more rapid

in BECRL than in soleus. If fig. 5.8 is examined, it can
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be seen that the decay of tension in ECRL muscle 1sl
completed after 1.5 seconds, but in soleus muscle the
tension is still decaying at the end of the static phase,
after 2.5 seeends.

1f the dynamic tension ehanges are the result of
distortion'qf cross-brieges, then subsequent decay in
tension during the static phase of the ramp may be due to
the breaking and reforming bf'tﬁese bridges. Some tension
decrease af the end of g sfreteh has alsoebeen attributed
by A. F Huxley and S1mmons (1971) and A.F. Huxley (1974)
to visco-elastic changes w1th1n the cross-brldges.

However, these tension changes dre on a very short time

: scale (1 - 2 msecs) and probably cannot be observed in

the results of this thesis.

When the muscle is stretehed, it is possible

that some of the cross-bridges are extended into the region

. where none is made, . but 6nly%bfeakdown'cgn_take place

(c.f. A.F. Huxley, 1957). 1In the region where cross-
bridges can be both made and breken,_some cfoss-bridges
will be broken and more will be made, but since the“neW'
cross-bridges are not in an extended state, they will not
have so greet a tensidn as those which have just been
bfoken. Interactlon of cross-bridges in these two regions
may explaln the initial rapid decline in tens1on followed.
by a slower one, which is seen in soleus muscle.

If the above explanetion of the tension changes

is Valld then the events during the static phase of the

'ramp should depend on the rate of b1ochem1cal activity for
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the making_analbreaking of cross-bridges (rate constants
f and g respectively, Qf A.EB, Huxle&, 1957). The rate of
breagking of croés-briqges;should then also be related to
the decay of fension.after a tetahus, and the rafes of .
mékiqg and breéking of cross-bridges should be related to'

the rise in tension at the start of a tetanus. From

‘Table 5.15 it can be seen that the half-rise and half-fall

times of tetanus. are longer in soleus than in ECRL,

indicating slower rates of reaction, f and g, in soleus

muscle.

/

The faster rates of reaction. of ECRL are seen
to give a faster decay of tension to tﬁe final plateau
level than is the‘case in soleus muscle (compare fiéS.S.Sg-
and ‘5.8b). |

| The duration of the dynamic phase of the ramp
stretch was the same-for both soleus and ECRL muscles
(0.0625s). If the enzymes of ECRL are relatively fasf,
then the readjustment of making and breaking of cross-
bridges would take place.during the dynamic phase, as well
as the static phase of:a'ramp.stretch. This wduld mean -
that the static phase'would start on a less steep part of
the tension decay, and would alsd account for the
reductioh in dynamic elasticity seen in ECRL muscle.

For this explanation to be valid it must be
possible for the-cfoss-bridges to be detached by the
action of énzymes at reiatively'long lengths of the cross-
bridges. It may be possible for the cross-bridges to be
acted on in fhis way (see A.F. Huxley,.1974 and Juliéq

et al, 1973).



66

Static Tension Chanées

The static tension changes in response to a ramp
stretch can be seen to be greater in stimulated muscle than
in passive muscle. This is similar to the findings for
dynamic elasticity. The increase in static elasticity upon

stimulation is not so great as the increase in dynamic

- elasticity, the static elasticity of passive muscle being
‘about 30% of that found in active muscle, both in soleus

" and BCRL. R

In order to explain the change in the static
elasticity, it is necessary first to try to correlate the

static tension changes with particular structures of the

muscle.

In passive muscle, it may be that static

elasticity is a measure of some cross-bridge activity.

'This'may be the case at shqrt lengths of the muscle

(D.K. Hill, 1068, 1970) but it is likely that passive
elements also contfibute to this tension. _The paséive
elements which may play a part are the §arcolemma, at
longer muscle lengths (Fields and Faber, 1970;

Podolsky; 1964; Rapoport,.1973) or the postulated
s-protein filaments linking actin moleéules in a sarcomere
(Guba and Harsanyi, 1966); Hanson and H.E. Huxley, 1960;
McNeill and Hoyle, 1967). |

In active muscle, the st;tic elasticity is always

greater than in passive muscle. In this case, it is

unlikely that the static elasticity is a measure of

.elasticity of passive structures in the muscle, since any
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of~£hese passive structures wonld be expected to decrease
in length and hence exert less-tenSion when the'musole
fibres shorten during contraction. It is likely that.the
| static elasticity of active muscle is situated in the
contractile mechenism of the muscle.
| Since the static elastioity of passive and
active muscie,is not a measure of the same parameter in
each case, and 51nce.e1ements Wthh glve rige to statlc
tens1on in passlve muscle no longer do §0 in active
muscle, then it is not surprlslng that no S1gn1f1cant
correlatlon is found between the static elast1c1ty and
the_1sometr1c tenglon generated by the muscle, in either
'soleus or ECRL. |
The appllcatlon of a stretch which would g1ve
a 1% increase in the length of the sarcomeres glves
correspondlng increases in the-static tension. When
expressed as g percentage increase in tension over the
corresponding isometric'tension, this increase in tenS1on
in the muscle would be 3. 21% for soleus and 4.27% for
ECRL. The increase in the static tension is sllghtly
greater in ECRL muscle than in soleus and this difference
may be further increased, since the tension in soleus has
not fully deca&ed by the end of the static phase. This
excess of tension over fhe isometric can also be seen in
fhe results of Sugi (1972), who showed that for bundles
of stimulated frog muec;e fibres, a stretch of 5% gave an

excess of tension, after a hoid phase lasting 0.2 seconds.
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One possiblé explanatioh for the increase in the
. value of the static tension over tLe isometric tension is
that the-%uscle.is being stretched-oﬁ to a different pért
of the lengtﬁ/tension plot of the muscle. In this case,
the increase in the tensidﬁ.would be the same whether the
muscle was stretched prior to stimulafion or after

. stimulation. However, for this hypothesis to be true, the
mﬁscle would have to be stimulagéd at an_iﬁitial length
'corresponding to the_riSing limb of fig.li of Gordon et al,
(1966). 'This is the only part of that curve where an

- increase in length of the sarcomeres by 1% would give a
corresponding'increase_in_force of-4%. However, for this
to be the case, the initial striation spacing of the muscle
would be.less than one half that requiredlto givg optimum
tension in the muécle.g In the presént experiments, this
would mean that the muscle should have undergone a large

' initial'shorténing before the stimulation and stretch

were applied. This-ié not 1iké1§ to be the case, since
the muscles were each_fixed at about resting length prior
_to stimulation and stretch. It would have been useful to
have measu£Ed.the tensién.generafed isometrically by the

© .muscle, at the new longer length, so that tensions thch
were arrived at by different means could.ﬁave been compared;
unfortunately this was not done. Héwever, it is unlikely
that the passivé tension increase is due to increaséd
overlap of abtin and myosin qnd subsequent increased

numbers of cros$s-bridges.
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In his discussion, Sugi (1972) has suggested

i o . that cross-bridges may behave as though they are "locked-

-on" at small displacemeénts, though rapidly broken down
when the stress exceeds a critical limit at larger
diéplacements. The extra tension of.the-static tension
over the isometric tension would then Be seen as the
résuit of_increasedlforce in some of the cross-bridges.
The mechanism oflfocking'on is n;t given by Sﬁgi,_but

; ' ’ one-pdssibility is presentéd here.

. _ o . .‘ Cross-bridges within the muscles can be broken

i o by the action of enzymes; but this may only be possible

| if the cross-bridge head is at the position of lowest

1 . potential energy. It is also possible to snab the cross-

bridges mechanically if they are stretched above some

critical limit. If the stretch applied to a muscle is

. sufficient to prevent the cross-bridges reaching this

lowest potential energy position, but not long enough to

bring about the mechanical breakdown of cross-bridges,
then it is possible that after the redistribution of
tension in the muscle, during the static phase, somé of
the cross-bridges will remain in an extended position,
unable to be broken by enzymes. It seems likely, as was
discussed in the section on dynamic elasticity, that the
‘degree of stretch applied to the_muscle would satisfy the

conditions necessary for an excess of static tension over

isometric tension to be set up.

Another possible explanation for the excess of

tension over isometric is that when the muscle is stretched,
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some sites on the actin and myosin which were not quite
close enough to form cross-bridges, are now able to do

s0 (Podolsky_and Nolan, 1973; Podolsky, Nolan and

. Zaveler, 1969). Bxisting cross-bridges, since the

stretches-are.within the elaStic_limits, will tend not
to be broken down. The excess tension would then be

due to the. add1t10nal cross-brldges. On the evidence
derived from rapid release of muscle, this theory ‘has

been largely discounted by A.F. Huxley (1974) and

‘Ford et al, (1974).

Hamster Muscle

The gastrocnemius muscles of normal and

dystrophic hamsters were found to give linear tension

responses for ramp extensions similar to those which

gave 11near responses in rat soleus and  ECRL muscles.

The 11near responses of hamster muscle are therefore

in the range up to approximately 2 - 4% extens1on of
the sarcomeres. All subsequent d1scuss1on of hamster
muscle refers to tension responses as a result of

stretches within this linear range.

Dynamic tension changes and stress relaxation

The values of the dynamic tension changes
andlt%_and t% values for the stress relaxation of the
static phase of ramp stretches are given in Table 5.16
for normal and dystrophic- hamster gastrocnemius

muscles in both the passive and active states. These
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results can be considered in relation to the discussion
on rat muscles, and can also be used to compare normal

gastrocnemius muscles with the equivalent muscles from

dystrophic hamsters.

In the gastrocnemius muscles of normal

_hamsters,-the static elasticity of passive muscle was

found to be 1.33% of -the static elasficity:of active
muscle. In the muscles from dystrophic hamsters, the
equivalent figure is_1.75%; Since it was concluded from

rat muscle results that the dynamic elasticity is not a

‘function of the same anatomical part of the muscle in.

active and passive states, the absolute:value of this
inprease is prpbably not important. Howevef, the'
incréase_in dynamic elasticity upon stimulafion of rat
muscle is confirmed by these results, and it may be

possible to use them in order to compare the two types of

- hamster gastrocnemius muscles.

The larger increase in dynamic elasticity
observed -in normal muscle is not due to differences in

the'dynamic:fension of the muscles in the passive state,

but to-differences in the active muscles (see Table 5.16).

The dynamic elasticity is much greater in normal muscle
than in dystfophic muscle. Prom Table 5.16' it can be
seen that the value of the maximum isometric tension is
When the dynamic tension is expressed as a

percentage inciease in tension over isometric tension, for

" a 1% extension .of the sarcomeres, a figure of 8.1% is
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derived for normallmuscle and'6a61% for dystrophic muscle.
It can now be seen that the difference befween the two
types of muscle is small, and any dissimilarities'behween
normal and dystrophic muscle do not show as differences
between dynamic elasticities.

From fig.5.12 it can be seen fhat in hamster
gastrocnemius'muscle; there is no sudden drop in tension
at the end of the dynamic phase. In this respecf, the
response of the hamster muscles is more like that of rat
ECRL muscle than rat soleus muscle. 1In fhe discussion of

‘rat muscle, it was postulated that differences between
muscles in the rapid tension decay following the dynamic
phase could be the result of dlfferent rates of enzyme
.controlled breakdown of cross-bridges during the dynamic
phase.

If the half-rise time and half-fall time of
isometric tension are once more used.as indicators of the
rate constants f and g of A.F. Huxley (1957),'then tension -
responses more like those of ECRL muscles than of soleus
muscles could be expected since f and g of hamster muscles
more closely resemble those of ECRL than those of soleus..

The gastrocnemlus mUScles are also similar to
ECRL in that the plateaU'level of tension (the static
tension) is reached about half way through the static
phase of the remp, after about'1.5 seconds, once more
indioating faster acting enzymes than gre found.in rat
soleus muscles..'

On these grounds, 1t is reasongble to say that

the lack of g sharp drop in tension at the end of the



73

dynamic phase may be due to relatively quick acting
enzymes controlling the making and breaking of cross-

bridges.

Static tension changes

The static tension change in response to a ramp’
stretch waé found to be greater in stimulated muscle than
-in-relaXed muscle; This was thézcase in muscles from both

normal and dystrophic hamsgérs and in this respect, the
resulté are similar to those of rat muscle. In normal

. hamster gastrocnemius muscle, the static elasticity of
passive muscle was 7.69% ?f the elasficity of active muscle.
. In dystfdphic haﬁster muscle, the static elasticity of
passive muscle was 4.54% of the elasticity of éctive muscle.
Because of the numﬁer of variables involved in the
calculation of these increases in static fension changes,
it_is not poésible to correlate them wifh values

determined fqr rat muscles. However, it may-be possible

to look for differenceé between the two types of hamster
muscle in order to explain the different increases in
static elasticity.

The static tension changes in response to a rémp
stretch are greater in.normal muscle than in dystrophic
musclé, and this islfhe case for both active and paésive
muscle. The difference is not ‘so éreat in active muscle,
thﬁs giving the lafger increase in statiq elasticity seen
'in.dystrophic muscle. The reduced static el;sticity of

passive dystrophic muscle may‘be'the result of the presence
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of the apparently ihactive musclé'fibres seen in'fig.s.lo._
The low static elasticity of the muscle would prdbably be
due either to reduced cross~bridge activity, or possibly
to.the absence of' thin s-filaments. Fewer active muscle
fibres would also account for the reduction in'isometric
tension (see also Montgomery, 1975), while the overall
size of the muscle remains about the same.

The static tension change for active muscle can

be expressed as a percentage increase in tension over

isometric tension in response'to a 1% increase in the
length of the-sarqueres. When this- is done, it is found '
that the increase in normal muscle is 2.7%, while in °
dyétrophic muscle it is about 2;5%. No correlation'was
found between static elasticity and the maximum isometric
forcé generated by the muscle. In this respe;t,'the
result is the same as for rat muscles.

It can be éeen that there.is_no_great-diffeience
between the values of the static eiasticities of normal
and dystrophic hamster muscles, and the similarity of the
two types of muscles in their dynamic tensions has already
been noted. |

These results verify those of Montgomery (1975)
and Harris and Ward (1975) who found that there is a
decrease in force generated in the muséles of dystrophic
hamsters, when coﬁpared with the muscles of normal hamstefs.

These authors could show no differences in the mechanical;

~biophysical or pharmacological properties of the muscles.
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Montgomery and Harris and Ward concluded that though some

changes are apparent in the muscles of dystrophlc hamsters,

~ the myopathy 1s secondary to the cardiomyopathy present in

the dystrephic animals.'

1t is.clear.that by means of the techniques
employed in the present study, no differences can be shown
between the visco-elastic prOperties of normal and |
dystrophic hamster gastroenemiusfmuscles. However, the
results obtained from hamster muscles are eonsistent with

those from rat soleus and ECRL muscles.

Tortoise Muscle

The mechanical properties of rat and hamster

. muscles were studied at the body temperature of these
mammals, as given in sections 1.1 and 1.2 of Materials and

‘Methods. These properties have been dlscussed in terms of

the sliding fllament model of muscle contractlon.' In this
model, tension changes within a muscle are explained in
terns.of alterations in number and configuration of cross-
bridges linking actin and'myosin-filaments within the
sarcomeres. Much of the discussion of rat and hamster
muscle involved the making and breaking of cross-bridges.
However, the rate of making and breaking of these cross-
bridges should be temperature dependent, since bioehemical

reactions are involved. At lower temperatures, the rate

‘of the reactions should be slowed down, and this slowing

down should not only affect the behaviour of the muscle

under isometric stimulation, but should also have
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consequences for the behaviour of muscle under controlled
stretches, if such behaviour is to be explained in terms of

dross-bridgé activity.

Tension during isometric tetanic stimulation

Muscles were étimulated ovér a period of 8.0

- seconds. Although the isometric tension was still rising

slightly at the end of this pefiod, the trehq of the records
does indicaté that the tension values reached were near
maximum (see fig.5.13).

In-Spite of this inaccu;acy, it can be seen that
the tempefature has a marked effect on the isometric
tension. The tension at 20°C is two to three times the
value at 5°C. There is usually a slight.increasé over thé
range 20°C - 30°C. The pattern of isometric tension
change over the temperature réngeffrom 5°C to 30°C was a
compargtively rapid incieasé in .tension up to 20°C, then a
ievelling off up to 36°C'(see inset of fig.5.17 and
Table 5.12).

| The.half-riﬁe time, as previously definedq

decreased markedly with incregse in temperature. Most of

- the decrease was over the range 5°C to 15°C, with a further

steady fall up to 30°C. The value gt 30°C was about one
third of ‘that at 5°C (see Table 5.17). It is noticeable
thaf while the half-rise times'aré,reasonably consistent
from muscle to muscle at 30°, there is-quite a variation
between fhem.at 5°C. A similar pattern of variation .with

temperature was seen when the half-rise times were measured.
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However, when the values at 30°C and 5°C are compared (see
Table 5.17 ), the proportional amount of decrease of the
half-fall time as the femperature is raised is greater than
that of the half-rise time. |

Sevéral workers have studied the contractile
behaviour of mammalian skeletal muscle when subjected to
temperatufe changes (Isaacson et a1” 1970; _Truong_ét al.,
1964; Close and Hoﬁ, 1968; Cullingham et al, 1960;
DuédoumopoulOS, 1959).

fhe present findings are in agreement with
previous-work in that the isometric tension decreases
observed as the temperature is lowered, are accompanied by
increases in the half-rise time and the half-fall time of
the tension.

In the model of muscle contfaCtion of A.F. Huxley
(1957), the formation of cross-bridges has a rate constant,
f, and the breakdown of cross-bridges has a rate constant,
g- In terms of the Huxley model, one would expect the rate
of formation and breakdown of cross-bridges to be slowed
down at lower temperatures, énd therefore the'half-rise
times and half-fall times to increase. However,.the
observed_changes in these quantities could also be'dependent
upon the time taken for the chehical reactions to become
fully active or inactive with respect to the onset and
cessation or stimulation. This point could be of importance
in interpreting the increase in isometric tension with
temperature, in terms of the Huxley model. According to thé

model, the isometric tension, P, is given by the equation on
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page 54 of this discussion. If it is_asspmgd that only £
and g of this equatiph vary substantiélly with temperature,v
then, as thé temperature is lowered, f should decrease
ﬁoxe than g to obtain a smaller value of P. The presentl
results, Wherélthe half-fall time increases by a greater
proportion than the half-rise time, would suggest‘the
opposite, if the halféfall time is considered only as a
function of g and the half;riée';ime only as a function
of £ and g. However, such an argument is based upon the
absencé of relative movement between thé a@tin and ﬁyosin
as the tension changes take place. Possible movements due
fo'éiténgion of  the tend&n connection cannot be excluded,
and such extensions could alter the relative positions of
the actin and'myosiﬁ and therefore affect the cross-bridge
activity.

In.spite of the possibilities of other.factors
influencing the half-rise and half-fall times, it does
seem reasonable to suppose that the observed changes are

compatible with decreases in the values of f and g with '

- temperature.

Temperature effects on dynamic tension changes.

Changes in the dynamic elasticity of tortoise

gastrocnemius muscle similar to those of rat and hamster

‘muscle were observed. The dynamic, elasticity was always

greater in stimulated muscle than in relaxed muscle.

The dynamic stiffness, as a percentage of the
isometric tension, showed a considerable decrease as the

temperature was raised. In most muscles, the value at 5 C
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~ was about twice that at 30°C. If no correction is made for

variations in isometric tension, the change in dynamic
'stiffness over the range of temperature is not substantially

altered.' The gregter pért of ‘the decrease tdok place over

the range 5°C - 15°C with 2 slight decay to level off over

the range 20°C - 30°C.

| When considered as a percentage of isometric
tension generated in responsé tg'a 1% increase in the length
of the sarcomeres, the dyngmi; tepgioh change is 15% at
30°C and 27% at 5°C. These figures are comparable to those
found for rat ﬁuscle.

It is reasonable to suppose.that, as in rat and
hainster muscles, the dynamic elasticity in active muscle
is a-function of the.contractilg mechanism. * In the éase
of tortoise muscle, this is alsé-confirmed by the
correlation.between the value of the dynamic tension.change
and.thé maximum-isometric tensioh’generated by the muécle.
At all temperatures except 25°C, there is é high degree of
céfrelation between these two_variables, and if the
dynamic tension chapges calculated at eaéh température
interval for each‘muscle are considered tégether, a linear
correlation of r = 0.695 giving a P vaiue %10.001 is found.
ihe regression line of this_correlatioh does not pass
through the origin, thus giving the proportionally higher
dynamic elasticity at lower temperatures.

| In the discussion of dynamic elasticity of rat

muscles, a hypothesis was put forward to zccount for increase.
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in tension during the dynamic phase, and to account for
any differences in the size of the‘dYnamic tensien'change.
In this hypothesis, it was'suggested.that the tension

increase is due to deformation of cross-bridges and that

_ these'cross-bfidges may be broken either meChanieally or

by the action of enzymes. It was further suggested that

the amplitude and.rate of stretches which have been applied

to the muscles would make the mechanical breakdown of the

cross-bridges unlikely. Some breakdown by the action of

'enzymes would take place and the greater the rate of

action of these enzymes, the more cross-bridges there

would be brpken. "This is consistent witﬁ the results

 from tortoise muscle. As mentioned in the discussion of

isometric tension, the rate of formation of bonds, £,
and the fate ef breakdown of the bonds, é, both decrease
with'temeerature, especially in the region 5°C - 20°C.
This is also the temperature range where one woulq expect
to find, and where there is, a relative increase in the
dynamic stiffness. |

This increase in dynamic stiffhess with
decrea31ng temperature can be explained by the hypothesls

put forward to account for dlfferences in dynamlc

’ 'elastlclty between fast and slow muscles of the rat.

However, this is not the only possible explanation of the
temperature related changes in ela'sticity.

If the tortoise gastrocnemius muscle is a mixed
fibre muscle, consisting of both siow and fast fibres -

(Crowe and Ragab, .1972) then the rates of reaction, f and g,
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of each fibre type may not change with témpérature at the
same rate. If the amount of dfnamic_tensibn, as a
percentage of the isometric tension, is not the same for
eaéh fibre type, fhen'the-overal;_dynamic elastitity‘
couid be different at different temperatures.

In this'case,-if the fast fibres stop contracting
at a'higher temperature than the slow fiﬁrgs, as is
likely, then the slow fibges must have a greater 6ynamic

stiffness than the fast fibres.

Decay of tension during the static phase of the ramp

The mean values of't%-and t% for tortoise muscle
are given in Table 5.17. The half-decay times are very

much shorter than the corresponding half-fazll times for

- the same muscle at the same temperature. At 5°C, the half-

decay time is 3 - 4% of the half-fall time. At 30°C, it
is about 8 ~ 10% of the half-fall time. For - any
particular muscle, the half-decay time at 5°C is abdut.
twice the value at 30°C (see Table.5.17)- Even with these

discrepancies, it can be seen'that the increases in half-

- fall times with decreasing temperature show concomitant

increases in half-decéy times, possibly both being
determined, in pé;t at least, by g, the rate of breakdown.
of cross-bridges.

| In the discussion of stress relaxation in rat
muscles, it was suggested that'the':eduction in tension
is likely to be the result of the enzyme controlled

breakdown and formation of cross-bridges. Purther, it was

suggested that if the rate of reaction, g, were slow, then
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a sudden decrease in tension might be seen at the end of

the dynamic phase, giving a biphasic aspect to the stress

relaxation of the static phase. If the traces for active
muscie in fig.5.13 are examined, it caﬁ be seen that this
sudden drop ip fension‘tékes place in tortoise muscle

both at 30°C.and 5°C. This biphasic aspect of the tension
decay is also seen in Tab1e 5.17, where it can be seen
that the difference betweep.t% and t%'is larger than the
va;ug'pf t% , indiéatihg_that the -initial decay in-tenéion

is more rapid than the subéeduenf decay. It can also be:

- seen that the difference is greater at 5°C than at 30°C.

This tends to substantiate the hypothesis put forward for

rat muscle to explain the decay of tension during the

 static phase of a ramp.

The effects of temperature on the static tension changes

The effects_of temperature on static stiffness
are not so pronmounced as the effects upon the isometric
tenSioq and the dynamié tension changes. The minimum
value for this quantitf was usually seen at ;bout 20°c.
The ;alue at 30°C was about the same as, or, in somé

cases less than the value at 5°C. The value at 5°C was

‘usually about twice the value at 20°C (see Table 5.17).

The static tension changes, given as percentages
of isometric tension for a 1% lengthening of the
sarcomeres is 8.25% at 30°C, 4.7% at 20°C and 7.8% at
5°C. |

-Thé excess tension over isometric tension can be

explained as for rat and hamster muscles in terms of the



83

"locked-on" cross-bridges of Sugi (1972). The relationship
between the static tension anq_the'cr0ss—bridgés is further
established hefe,.since_it is foﬁnd that therg is a
positive linear corfelation between‘the static ténsiqn
changes and the maximum isometric tgnsion generated by tﬁe
muscles, when all muscle stretches at e?ery femperature
interval are considéred together (r = 0.435 giving a P
value <0.01). |

There may be relatively more "Locked-on" cross-
bridges at 5°C than at 20°C and two possible explanations
can be given wﬁich'may account for this. The slower
biochemical breakdown of bridges could allow a relatively
high proportion of cross-bridges to remain in the "locked-

“on" state at the lower temperature, or, the slow muscle
fibres.of a mixed mﬁscle contribute relatively.more static
tension at lower temperaturés than do fast fibres.\

The relationship wﬁefeﬁy there is_relatively
more static tension at 30°C than at 20°C is more difficult
to .explain. .Since the enzyme catalysed breakdown of
cross-bridges.would decrease with decreésing tempergture,
the felative ipcrease ih'the proportion of cross-bridges
remgining unbrpken when the tempgrature is lowered from
20°C to 5°C is as expectéd. On this basis, the static
tension relative to the isometric tension would be expected
to further decrease wﬁen the temperature is raised from
20°C to 30°C, but in fact the reverse of this is found.

- Clearly the interaction between rates of making and

breaking of cross-bridges, and the distortion of the cross-
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bridges is not so simple as is suggested'in this thesis;

It is,'howevér, interésting to note from Table 5.17
that the value of t1 has.a miniﬁum at 20°C indicating the
fastesf ;earrangément'of cross-bridges ét this temperafure.
The isometric tension also has its greatest value at 20°C -
25°C before decreasihg slightly at 30°C. It could well be
that_the proboftionally lowest static tension at éQ°C is

in fact the expected result.

The Visco-Elastic Model

The three component model

Initially.tension respbnses of éctive and
passi&e muscie were examined to dé?ermine whetheflor not
the méscle could be represented by a Maxwell visco-elastic
model'cthisting of three components; as given in fig.3.1la.

| Discuséion of fhe resuits referfed ma;nly-to

static and dynamic elasticities and to half-decay times

. of muscle. When these quan}ities are related to the three

component model it can be seen that the sf@tic eiésficity;

the dynamic elasticity and the half-decay time correspond

- respectively to the parallel elasticity, the series

elasticity and the viscosity.
Some aspects of muscle length/tension relation-

ships cén be modelled by the three component Maxwell

system. It is possible to make the model predict changes

in static and dynamic tension in both passive and
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contracted muscle, wtthin the 1inenr range of the model.
However, it is net possible to predict the responses of
one'tyne of muscle using constants for the nodel.derived
from a different muscle type, since the static and
- dynamic elaeticities"vary:from mnsclé to muscle. In
addition to tnis; it has been shown for tortoise that the
- static elasticity is temperature.dependent.' In the three
component model the statlc elasticity would be
represented by Ey. This, being a purely elastic element,
would not be ekpected'to vary with temperature. |
TenSion transients_dnring the etatic phase of a

ramp etretch can be nonophasic; and approximately
enponential; for example in rat ECRL and_hanster
gaetrocnemius muscles. Such transients could be
.represented by.the'three component Maxwell model. The
'equivalent tension transients in rat soleus and tqrtoise
gnstrocnemius muscles afe-biphasic_and could not .be
represented by such a simple model. BEven in ECRL and
hamster gastrocnemlus muscles, the representatlon, though
acceptable, would be. superficial and would give .no clue
to the underlylng mechanisms of muscle contraction.

| .Anotner aepect of the muscle tension responses
which could be represented by the three component model
is the dlfference in tension between restlng muscle and
contracted muscle. .The tension difference wou1d~be
represented.in'the model as é.deqrease.in the unstretthed-
- length'of:the parallel elastic element,.or an increase in

its elastic coefficient, or both. Tension ehanges during
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the change from the active to the contracted state, and

vice versa, would not be so easily predicfed by the model.

The three component Maxwell model shows many

deficiencies in the representation of muscle.

The five component model

A Maxwell model consisting of five components,
as given in £ig.3.1b would give a better representation of

muscle, since tension transients could be more accurately

“predicted.

Such a model would give a better representétion
of tension changes during isgmetric-contraction and
relaxation of the muscle‘and'would also give a re;sonable
fit to the biphasic tension decay found in rat soleus and’
tortoise gastrocnemius muscles, during the static phase of
the'ramp stretch. Both of these tension responses_ére |
qifficult to predict using the three coméonent model.
| It was preVious;y suggested that static and

dynamic tensions are not due to the same structure in

passive and active muscle. The transition from passive to

the contracted states may be modelled by the fivefcbmponénf
model,:but it ié not possible to cdrrelate éomponeﬁts of
the model with.structures of the musclelduriné such changes.
However, the.properties of passive and active muscle ﬁay
be correlated.separately with the five compqnent model.

| In previous séqtions of the discussion, a
hypotﬁesis was pqt fo;ﬁard which would account for
differences in_dynamic elasticity and differences in stress

relaxation during the static phase of a ramp applied to
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different muscie types. This hypothesis can be ;elafed to.
a five éomponent Méxwell model, and the properties of
the musclelrepresented_by the comﬁonehts of this model.

B, fhe parallel elasticity of the model, would |
represent the force generated by the cross—bridges, and,'

on elongafion, would also represent the additional tension

- due to stretched cross-bridges, giving the static elasticity.

Ez-énd_VE, one visco~elastic element, w;uld
represent the rate of breakdown of cross-bridges in the
part of the muscle wheré‘cross—brédges-can be broken down,
but ho'hew ones made. |

' ﬁa aﬁd V,, the other visco-elastic element, would
represent thé forces due to the interaction of rate
cdnstants f and g, coﬁtrolling the making and breaking of 
cross-ﬁridges in .the area of overlap of actin and myosin,
where cross-bridges can be both broken and made.

Usigg these relationéhips for active muscle, it
may even-ﬂeIQOSSiﬁle, by the choice of suitable conditions,
to represent'the "slip" phenomenon of Sugi (1972), aé well
as'thelother visco-elastic propérties of muscle. The
model would still not be able to répresent changes in
static elasticity with tempera@ure. Furthér refinement of
the modeL would be necessary to achieve thiS.

In conclusion if is possible to say that the
results of this thesis can be explained in terms of the

Huxléy model of muscle and, in a limited way, the visco-

" elastic properties can be represented by a five component

Maxwell model.
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APPENDIX I

Abbreviations used in the text, figures and tables

E.C.R.L.

the ratio '3%§E¥L, where the means are not
assumed to be of samples from one population.
basé of natural logarithms =~ 2.718
extensor carpi radialis longus

pargllel elastic element of the Maxwell
model

series eiastic element of fhe Maxwell model
lightly damped series elastic element of the
fiQe'component Maxwell model

degrees of freedom

forcé.

variance ratio

grams

the transfer function between length and
tension of the Maxwell model

height of ramp stretch

1ength

metres

hewtons

not significant

probability

correlation coefficient

seconds
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standard error

time

the ratio _z%igﬁ_, where the means are
assumed-tg be of samples from one
population. |

the time at the start of the static phase
of a ramp stretch.

the time taken from the start of the
static phase to where the fension generated
is equal_fo half the tension at the end of
the dynamic phase.

duration of the dynamic.phase.of a ramp
the time from the end of the latent period
of a muscle contraction to where the
tension is half maximum.

viscous element of the Maxwell model
smaller of the two viscous elements of the
five component Maxwell model

the mean of a number of samples.
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