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As the result of an initial observation that fast muscleiis
slowed in murine muscular dystrophy it was decided to test and ¢
extend the hypothesis .of Brust thaf fast muscié is slowed and slow
muscle is spared. For this purpose the extensor digitorum longus”
was‘chosen as a representative fast muscle. The soleus was chosen
as a.slow muscle., .

The ‘present findings confi}m that tHe'extensor'aigitorum
longus at 4 to'6 weeks (young) and at greater than 6 months of age
(old) is slowed in both contraction time and one half relaxation

o .

time, and this i: intensified with'age. The old soleus muscle Is

s lowed slight]f in one half rejaxation time but the young soleus *

is speeded ‘in both contractlon time and one half relaxation time.
¢ Since Brust's hypothesis was for the mos t part confirmed,

in vivo physiological study was designed to determine whether the
cause was due to extrinsic factorg-o} to intrinsic property changes

in the fibers themselves. Several propgrt{es characteristic of

fast and slow muscles were examined for this purpose, as follows,

The cooling potentfation/depression and post-tetanic potentiation/
depressjon data showed that the extensor digitorum lohguglhad undergone
intrinsic changes towards properties characteristic of Maw-muscle

and the old so]eus-had changed only slightiypfroM‘the control. The <

young Soleus speeded, The duration of active state plateau did not

- ¢change in the dystrophic:anima]s.
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A further histochemical study was designed to determine whether

*a generalized effect on all fiber types or a selective sparing of

L]
- . . o
the slow fibers was involved. P

The 3 to 4 week old control soleus was found to contain 26%

healthy Type | fibers and 72% healthy Type 1| fibers.

oxidative
The dystrophic soleus suffered a 42% loss of healthy

Type lloxidative Fibers while only a 28% loss of Type | fibers
was sustained, and this was interpreted as a partial spéring of the
Type | fiber.

~The results are ggscussed with respect to Brust's hypothesis
and its implic;}ion r:garding currently availasle information on
hiséochemical/physiological correlations,

i

L
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. CHAPTER. |

" INTRODUCT 10N ~\\\\ '

—

1. A brief Historical Review of the Human Muscular Dystxophies

[t is known that the progressive muscular dystrophies\are caused
by defective genetic machinéry.- The major problem lies in ghe specific
localization of the site of primary expression of the QESease.

The first stud(ss of humaﬁ muscular disease began in the mid
19th century (see Rowland for review 1974) . Duchenne dys trophy
was original}y descffgzg"by the .astute French neurologist of the
same name in 1868 and Gowers provided the first détéiled accdunt
in English in 1879.

In view of the fact that fhere are some subtle similarities
between features of the dystrqphies,-thgir classification Has
historically caused some difficﬁlty. (Reviewed by Waf;on £ Na£trass
1954, Gardner-Med@in; 1974) .

Essentially, the most common human d?strophies.are~l. the severe

sex-1inked Duchenne dystrophy 2. the autosomal recessive Limb-Girdle (LG)

~

type_3. the autosomal dominant facioscapulohumeral (FSH) dystrophy and

o
4, the autosomal dominant myotonic dystrophies. -

] .

! . 4

The classic work of Erb (1883) which is still valid today
enumerated ‘the major histopathological criteria common to all
dystrophies and which can therefore be used in diagnosis. These

were: 1. Rounding of the outline of muscle fibers in transverse

e b

] : | \\

\
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'_section with hypertrophy ,of some and atrophy of others. 2. Random
'Variation in fiber size and shape 3. Central migratign of sarcolemmal .
nuclei in many fibers 4. Fiber épli;ting and 5. intensive infi]trafion
with fat and-connectiye tissue. -

Several of these signs were present in the dystrophic mouse

i

tissue which | examined in this study (fat infiltration generally‘
not present) and several served as criteria for cIassifiﬁation in

my histochemical study. It is of interest that central nucleétion is
infréqﬁent in Duchenne dystrgphy but is very common in ﬁyotonic
dystrop?y and in mouse -dystrophy (Pearce & Walton 1963).

It is particularly relevant to this study that the clinical .

symptoms in man include a selective initial involvement of certain

uscles (Walton 1973). For instance, in Duchenne, LG and FSH
dystrophy the muscles most often affected in the upper body are the -
: ectorals, serrati, biceps, and brachi brdial;s while the deltoids are
" almost always relatively unaffected. |In the lower body the quadriceps
ajd or hamstrings and anterior tibial muscles become weak early bdt
géstrocnemius remains strong until later., . | ’
uscular dy;trophy‘haslclassically'been considered a primary
myopathy ie a disease originating within the muscle fibers themselves.
Since the first stddies were made, Meryon (1852) observed that there
was no ev{dﬁnce of abnormalities in the nervous system and concluded

it must be a disease of the muscl® fibers. Duchenne in 1872 confirmed

this finding.
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ReEQHtly, boweﬁar, the‘myépathic hypothesis has been challenged
with a neural hypothesis (Dubowitz 1969, McComds &t al, i971) . The
very fact tﬁat.muscies are selectively involved suggg#ted that a neural

component may be to blame. McComas developed the "Sick Motoneurone ~

Hypothesis'' whereby motoneurones scould exist in the healthy or dead states

~as well as in the previously overlopked‘”sickflstate. Part of the hypo-

thesis was based on the assumption that in5denervatién {(a neural proble&ﬂ_
one wo&ld expect the number oflﬁotdr uﬁits to decrease while the avérage
unit size would increase due to collateral sprouting of the remaining .
intact axons. A motor unit as dzscribed by Sherrington (1929) refers to

a motoneuron its axon and all of the muscle fibers it innervates. Evidence
has recently been provided which indicates that the motor unit is composed
of ﬁu;cle fibers of a single histochemical type. However, McComas reasoned

that in a myopathy one could expect a random fiber involvement throughoyt

‘ /
‘the muscle cross-section. "If this were so, one would expect to observé

at first a decrease in mean motor unit size but no decrease in number

‘until such time as the full ‘motor unit were destroyed. Since he found

in Duchgnne dystrophy that the motor units were decreased but the

remaining ones had a normal or slightly smailer number of fibers he

postulated that the femaining motoneurones were ''sick’ since they were

unable to incorporate some of the denervated fibers into their units.

McComas addressed the possibility that a particular fiber type may be

affected and suggested that entire moéor units composed of another fiber
’ %

type were still unaffected. It is ‘thus possible that the disease is

primarily caused by a neurological defect which then manifests itself

-secondarily on the muscile cells causing them to exhibit myopathic

" features.
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Severél criticisms have been voiced against this hypothesisi
For instance, dystrophy does not resemble motoneuron disease in that
there is no fasiculation nor fiber ‘type grouping and there are
differefges in serum enzymes,dilﬁ[\isto]ogy (especially the hypertrophy)
and in motor unit territory (Rowland2197k). In addition other authors
(Ballantyne & Hansen 1974) have been unable to dupiicate the Finding
of decreased motor’: uhits in patients with Duchenne dystrophy.

Despite these criticisms the neurogenic hypothesis has
revolutionized thinking about dystrophy and is presently at the
center of considerable debate.

The ?xperiments discussed in this study have been done on
mice—anq.while mouse dystrophy is reportedly the most similar model

¢
to human, dystrophy, they are not ngcessarily of the same etiology.



.~ 2. Animal Models

Several species of animals are currently bel@g used in research

into muscular dystrophy. Asmundson and Jullan (4956) reported a ‘\\\\

'progressive dystrophy in domestic chicken whlch were homozygous for

the autosomal recessive gene. Likewgsé, Homburger et al (1962) «
discovered a hereditary myopathy in the Syrian hamgfér and several lines
of this %utosoma] recessive trait now exist. There have also been
findings dealing with turkey, mink and Peking duck. (Ha&low 1973

McComas 1977). |

Howéver, the animal model that most closely resembles human muscular

dystrophy is the house mouse. Im 1951 at the R.B. Jackson Memorial
Laboratories in Maine a mutation waﬁ observed in inbred strain 129 mice
which was characterized by progressive ataxia of the axial and limb
musclés, étrophy and paralysis. This hereditary myopathy was termed
"dystrophia musculéris“ and was given the symbol II-dy“ so that the

full description of a dystrophic mouse would be 129/Reﬁ dy/dy, (Michelson
&t al 1955). The defect was caused by a single autosomal recessive

gene with: a maximum expression of 21% due to slight obscuring. In their
microscopic study it was revealed that the pathological involvéﬁent

of muscle tissue was similar to that seen in human dystrophy as

described by Erb with the exception of large amounts of fat infiltration.
These mice are severely afflicted by the disease, they are unable to |
breed and have a short life-gpan unless special precautions are taken

“NButler and Cosmos 1977).
In 1969 a second hereditary myopathy was discovered in mouse which

is an aliele of the dy variant (Meier and Southard 1969). According

5
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to genetic nomenclature rules this was designated “dyzj” and was
transferred onto the inbred strain ''C57 BL/6J" background. The -
defect is caused by an autésomal recessive trait gnd thus the full
title for a dystropﬁic animal is €57 BL/6J dyZd/dy2J. This is the
mouse model which was used throughﬁut this study. Despite the fact
that the two mutant geﬁes are allelic the disease courses differ in
thé.two types of mouse. The onset of clinical signs is slightly later
in the dy2j and both affected males and females can breed. For the
purposes of this stﬁdy it was %ound adequate to simply select the
dystrophic progeny from the hete;ozygous (dy?d/+) matings. The

2 muscles‘examined }n this study were the extensor digitorum longus

(EDL) and the soleus (SOL) which are fast and slow muscles respectively

of the hindlimb.

v

Clinical signs of the disease become evident at about twenty one
days of age.. There is progressive muscular weakness, principally-
in tHe hindlimbs so that thé animal eveﬁtually moves about by means
of its forelimbs. The latter are nonetheless severely affected
histopathologically (personal observations). The hindl{mbs become
rigidly extended laterally, there is a pronounced arching of the
back,. the fur thins and wasting is obvious as the.disease progresses.
| have found that these animals can sometimes live to a ﬁormal age.

A constant twi%ching of the hindlimb and pelvic musculature
develops which is potentially of importance regarding some of the
specific changes that take place within the muscle fibers- themselves

(refer to discussion).
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According to Meier and Southard (1969), muscular dystrophy -

caused by both the dy and dyzj élleles is similar to Erb's dystrophyv

in mén in a number of clinical, histological and physiclogical

.

parameters {(all of which were not gpecified) and resembles Duchenne's
dystroph; except that it is not sex-1inked. -

The use of animal models.4§'éh,extrémeiy important aspect of the
work on mﬁgcuiar dystrophy. |t has enabled knﬁwledge to proceed at
an accelfrated rate in both quantity and quality. However, it must
be stressed that even the best animal models do not necessarily '
represent the actual situation seen in man. The animal diseases

are however true dystrophies and will undoubtedly prove useful

in the long run.



3. Evidence of Fast Muscle Slowing and Slow Muscle Sparing

in Mouse Muscular Dystrophy

"\
Brust (1966) studied some aspects of the muscle mechanics of

the ReJl29 m;use. He found that a, the percent reduction in weight
of the slow SOL muscle is only } of that in the fast gastrocnemius,
b. dystrophy has no effect on the one half relaxation time (4RT) of .
SQL but this parameter doubles in fést gastrocnemius and c. the %

reduction of twitch tension in the dystrophlc SOL is relatively less

than that of the gastrocnemlus B
Fl

On the basis of these experiments Brust thought his hypothesis of
fast muscle slowing and slow muscle sparlng may be correct, and
supporting evndence has since come from other studies as well.

I't should be emphasuzed immediately however that the two parts
of this hypothesis are not necessarily causally related, as will be
discussed later. If indeed such a selective involvement exists it
would provide valuable informatioh about the etiology of murine
muscular dystrophy.

Other data supporting the suggestion that slow muscles are
relatively spared have been derived from morphological, electro-
physiological, biochemical and ﬁechanical studies as reviewed below.

On the basas of rather poor evidence with lactate dehydrogenase
staining Fah|m| and Roy (1966) suggested that the "white'' fibers were
primarily affected in the ReJ129 mouse. S

Morpholtgica! evidence of Rowe and Goldspink (1968) and Goldspink
and Rowe (1969) also furthered the hypothesis since they found SOL

spared regarding: muscle weight loss, total fiber numbers, mean fiber

8
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diameters, and total fiber cross-sectional area. !

-

An electron microscopic investigation by Shafigq et al (1969)
showed that both fast and slow muscles had degenerated but this was
very pronounced in some muscles such as gastrocnemius. They 'also

found in the dystrophic extenso;-digitorum longus (EDL), a fast

" muscle, that increases in mitochondria and decreases in calcium

ion uptake and in sarcoplasmic ‘reticulum caused this muscle to
resemble a slow muscle in characteristics.

Moreover, the electrophysiological evidence of Harris (1971)
suggested that the resting membrane potential was reduced in both
SOL and EDL muscles of the Rel129 mouse but they were rglatively‘
more reduced in the EDL. Likewise, Harris and Montgomery -(1975)
found a normal action potential generation in dy2j SOL fibers but not
in the EDL. v

Hoh and Raduiovacki (1973) found qualitati;ely similar ﬁhanges
in the Red129 SOL and EDL electrolyte compositions but that $OL
was changed relatively less than EDL.

Furthermore Curran and Parry (1975) found that the miniature

. a4
end plate potentials remained normal in the dyZJ SOL but were reduced

in the EDL. N

In addi;}on Parry {1977) }eported that the SOL does show )
decrements in twitch tension and in functional innervation ratio but
only at a later date than does the EDL.

It is of particular interest that there do indeed exist in humans

several neuromuscular diseases which attack a specific fiber type

selectively. For instance in nemaline myopathy and central core
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disease the}e—is a selective loss of Type 1| fibers (fiber types to
ge'deFined lafer) whereas Type I] fiber atrophy is seen as muscle
wasting In cachexia, disuse and chronic cortibosterofd intoxification.
. (The effects of this last illness resemble closelyhsome of the
features seen in mouse dystrophy and it would be of interest to
‘explore this further).

Since different fiber type (I and I1) proportions exist in SOL
and gastrocnemius and since it is thought that the different fiber
types h!vé/different contraction speeds this is relevant to Brust's

hypokhesis. .

In addition, Sica and McComas (1971) observed that patients with
LG. and ‘FSH dystrophies exhibit a §lowing of both contraction time (CT)
and one half relaxation timgwk&R%) of most muscles studied. ‘In addition

« in myotonic dystrophy there  was a statisticalIy-significant increase

in the CT and ¥RT of the muscles\exam{ned (MéComas et al 1971). A
sim{lar finding was seen in patients with Duchenne dystrophy (McComas
and Thomas 1968). Finally, when bundles of fibers were stimulated
in human dystrophics the proportion of bundles having sloé c;ntractions
is increased and could be correlated witﬁ an abnormal perponderance
of Type I (slow) fibers (Buchthal et al 1971).

There is however, other eyidence which h;s completely disagreed
with Brust's hypothesis or has straddled the issue.

WOfking'on 1-12 week old ReJ129 muscles it was concluded by
Douglas and Baskin (1971) that EDL and SOL are affected chiefly b& a

reduced ability to exert tension, both muscles being affected to a

similar extent. However, other isometric properties such as the passive
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length-tension properties and i{RT indicated the EDL was more severely
affected throughout the course ?f the disease.

Brust has been criticized because it was difficult to duplf&ate
his results since the large size of the gastrocnemius.results in
the need to trim it surgically which may have ;ontribufed to its
rapid deterforation in vitro. When smaller EDL and SOL muscles were
used ﬁﬁ evidence was found for a special fatigue resistance of slow
muscle n&r that fast muscles were prefeéentially affected (Hofmann
and Ruprecht 1973). However, in agreement with Brust a weaker
contraction strength _and a longer total twitch time was observed.

The percent reduction of muscle fibers was reported by Montgomery
and éwenarchuk (1977) to be greater 'in dy2j EDL than SOL but this
developed a bit later. On the other.hand they found the % reduction
in the myélinaped axons of dyst}ophic gOL nerves was greater at every
.age than in the plantaris, another fast muscle.

Finally, the histochemical finding; have provided some verf
controversial evidencé. | believe this may be due to the fact that
histochemistry is still in its infancy in somé ways and its application
" to disease states can magnify its shortcomings if not used ca;efully.
The implications of this are dealt with in the discussion section.

In summary, }f the two part hypothgsis of Brust is correct then
this c&u]d provide some evidence in favour of the neurogenic hypothesis
as proposed by McComas et al (1971).

According to McComas entire motor units may be selecfively

»

destroyed if the disease is due to a failure at the motoneurone level.
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Thus an observed slowing of fast muscle and sparing of slow musc]é
could be due to a preferential loss of some fast motor units.

.

However, as previously mentioﬁed the two parts of this'ﬁypothesis
. are not necessarily related causatly; there could well be twgs k
separate processes involved. - -

If there is no selective effect on the particulaf muscle fiber
types it is possible that the fibers are lost in a '""random, myopathic"
fashion. It is also possible in this case however that whole motor
-units of all fiber types are beiné knocked out with equal frequency

and this would still be consistent with the neurogenic hypothesis since

it would imply a primary motoneurone fajlure.

¢
LI

o



4. Fast and Slow Muscle Properties

A. Dynamic Physiological Properties

!

~

i.. Speed of Contraction - Mammalian 1imb muscles are typically

classified as fast or slow depending on their speed of contraction.

Ranvier {1874) first described a systematfc investigation of the

contractions of fast and slow Iimb‘muscles and this was extended by
Fisher (1908). Ranvier showed that certain red mﬁscle; of the rabbit
contract more slowly than white muscles -but Paukul (1904} showed that
slow twitch muscles such as the soleus are always red, but nof all
red muscles are‘sléw. This was fﬁrthered by'Denny-Erown (1929) ‘and _
Hall-Cragg (1968) found that the thyroartenoid of the rabbit ;hich is
a red muscle, contracts very rapidly.

,  The most obvioﬁs difference between fast and slow muscles is the
time course of their isometfic twitch contractions. |In this‘respect
| Have considered contraction time (CT) the time from the'first
déviation d; the baseline of the tension-time curve to the summit of
the contraction. The half relaxation time (RT) is the time taken to-
decline from ;he summit o% the curve to % its total height. Thus a
typical Lsémetric contraction of a fast muscle has a shorter total
duration, steeper rate of rise and rate of decline than does the slow
muscle. As. the temperature of thé-muscle bath is lowered from body
femperature to room temperature (20-25°) both mQ§cle types contract
slower but th; fast muscle remains relatively faster. The form of the
isometric twitch contraction of skeletal muscle is dé;gﬁdent upon the

properties of the series elastic component, time course of the active

state (AS) and the force-velocity properties of the contractile material

(Hi11 1949).
13

-



G

14

whi]e all of the factors controlliﬁg the time course of the
contraction have not been fully investigated, there is considerable
evidence that the activator is calcium ions {ca*2?) released from the
sarcoplasmic reticulum (SR). Horéo?a&w it is presumed ghat the
uptake of cat2 by the SR is intimately involved in the process of
relaxation (Ebashi and Endo 1968). It hsy been shown Ehat fragmented
SR of fast muscle can take up Ca+2 at a greater rate than that of
slow muscle which helps to explain.the\:fre rapid time course of the
fast muscle {Fiehn and Peter 1971).

Since the time.course of AS is different for fast and slow
muséles it is likely that the speed of contraction and the rate of
rise,.duration and rate of dec]ing of AS in a sinéle iber are ] d
in some way (Close 1972).

) It is thought that the form of the isometric twitch of a whole
‘muscle can be modified by different aamixtuqes of '"fast'" and I;slow“
contracting fibers. Biscoe and Taylor (1967) performed a computerized
study which compared the effects of different proportions of these
fibers.constituting a musplé. Théy assumed equal twitch ampli tudes
for fast and slow fibegs and that it was valid to add individual
.components linearly. They found‘it Qas only when the mixture contains

“"less than 15% fast muscle fibers that the admixture fs‘not obvious
ie there is no inflection in the regu?tant curve. However curiously
proportions as low as 5% slow fibers were detegtab]e. Thus a number
o% factors enter into the resultant form of thé isometric twitch.

The initial observation in this study of fast muscle slowing and

little change if slow muscle time parameters served as the impetus
. v
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to further investigéte the hypothesis of Brust as’previgggly outlined.

I f indeed Brust's hypothesis was Correct it would be worthwhile
to determine‘whether it was due to intrinsic or extrinsic fiber

- changes. For this purpose the follpwing three physiological
characteristics of fast and slow muscle would be examined: Cooling
Potentiation/Depressioﬁ (CP/CD), Post tetanic Potentiation/Depression
(PTP/PTD) and Duration of Active State .Plateau (DASP). These are
particularly good [epresentative pr0pert|es of fast and slow mu5cies
because the respectlve muscle responses occur in opposite dlrections
for these prope(tles: If the dystrophi; muscles showed conversions in
thése properties then they could be considered genuine intrinsic. ‘
) .

‘property alterations, énd not due to extrinsic factors.

. . ~

. . <
ii. Cooling Potentiation/Cooling Depression (cp/cD)

Fast and slTow muscles differ in their response to a change in

+ temperature, ASSOC|ated wngbﬁihese changes in isometric twitch tension

is a sIOW|ng of CT and 3RT in both types of muscle. (Hi11 1951,

ogq et al 1964, Buller et atl 1968, Close and Hoh 1968, Isaacson 1970,
Hoh 1974, Ranatunga 1977).

Close ana Hoh {1968) examined in vitro and later in vivo (1974)
the maximum lsometrlc twitch respOnses of rat EDL and SOL at temperatures
ranging frem 35°C to 20°c, They noted that as the temperature was
decreased from near body temperature to room temperature there'was
a twitch potentiation which they ‘termed “coo]ing potentiation" in the

fast EDL by a factor of 1.7 times. In slow S0L, however this procedure
. +
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had the effect of slightly decreasing the twitch tension. These
properties‘of fast and slow muscle are under neural control because .
studies o% cross-innervated‘fast and slow muscle have shown a full
interconversion of original fast muscle following innervation by a
nerve originally supplying a slow muscle and a lesser conversion in (
original siow muscle (Buller et al 1968, Hoh 1974) . "

The cause of the temperature Effécts have been the subject of
some speculation. Several investiga£qrs believe that it has to‘do
with the degree of activa;ion of these muscles (Hoh 1974, Ranatunga

1977) . It has been proposed that at 37° fast muscle is incompletely

-

activated whereas at room temperature it is more completely actTvated.

This could imply that the ‘lower temperature has an enhancing effect
y , - ’ '
on the imechanisms responsible for activation, and could explain the

cooling potentiation of fast muscle.
¥

L
) - - - ) - - "
Slow muscle however, by virtue of its particular intrinsic .

properties would appear to be more fully activated at 37% than fast ‘

[

. . o
muscle since there-is only a small tension change as the temperature

-

is lowered,

.

I't {s known that fast musclé SR is both more abundant and more

_efficient at accumulating calcium than is the SR of slow muscle

(Fiehn and Peter 1971). If the incfease in temperature had the specific

- -

effect of enhancing the calcium pupp activf;y, then this could explain

the reduction in twitch amplit

e seen in fast muscle at 37°. If the
e : -

"calcium ions are removed

eéry rapidly this will reduce the tension
- . ~

ﬁg’contractile elements will be active for a lesser’

ot

generateqd because

N\

periodlof time.

nversely, the SR of slow muscle with its already

4

1
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limited SR may not show such an effect because even if the calcium
pump is enhanced.at‘the higher temperature the rate-limiting step
may be simpfy that too little SR #s available to create a perceptible
change. Consequently the rates of removal of calcium at the two
‘;emperatdres may remain the same.

| .Therq have been several attempts to link the genesis of this
temperature effect with the'phenomenon of post tetanic-potentiation

-~
and post tetanic depression. This effect is also explainable on the

basis of changes in the degree of activation.

iii. Post-Tetanic Potentiation/Post-Tetanic Depression

Fast and slow muscies differ considerably in their responses
to tetanic sbdimulation. Repétitive stjmuiation of mammalian fast
" muscle leadé to a transitory increase. in the peak of the isometric
twitch tension at 37°C but only a small change at rodm temperature.
This has been termed post-tétanic potentiation (PTP). Convétsely,
in slow muscle the response is one of no change or a transitory
dep;essionwhiéh.has beenltermed pbsi—tetanic depression (PTD).
N .
(Brown & von Euler 1938, Bowman et al 1962,_§;§ndaert‘}96h, Close
" and HthI?68,VClose and Hoh 1969, Kugélberg 1973, Burke et al 1974,
Hoh 1974). |
Close and Hoh (1968} have reviewed the rat fast muscle response
and have elucidated some of the factors on which the.néture of the
potentiation is depen&ent. fhese are, the number of stimuli- in the

train, the frequency, thé duration, and the time interval until the

first post-tetanic twitch., They found for instance that short trains

-

-

Za

N
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of stimuli increase the peak: tension with no change in thelpost-tetanic
‘contraction time (CT), but aftgr a prolonged stimulation thete are markgq
changes in the twitch duration. They attributed the former case

to an increase in the degree of activation of the individual muscle
fibers and the‘latt;r, Where‘the number of stimuli was in excess of
that required to obtain full potentiation to an increase in the
duration of the.active state. The PTP is assumed to he maximal soon

1

after the end of stimulus, decays at an exponential rate and returns

to approximate pretetanic values in about 3 minutes‘(BulIer et at 1971)
but requires about 10 minutes for complete restitution (Brown and

von Eulter 1938). The tension has been found to settie at about 5%

below pretetanus levels on the average. .

Slow muscles, on the othetlhand'show a transient depression for
about 30 seconds at 37° after é tetanus of 57/sec for 2-4 seconds
éccording to ﬁrown‘and von Euler {1938) and in 1-3 m}nutés after a
stimulus at 300/sec for 1 second acgording to Buller et al (137ij,
Smith (1974). Evidence that PTP and PTD are under, neural control comes

from the fact that following cross-innervation these properties can

be interconverted in EDL but little conversion occurs in soleus.

Several authots have attempted to insure that the potentiation
observed is a genuine potentiation of the muscle response itself and
is.not attr?butable to recruitment of musclg fibers through facilitatioﬁ
at .the neuromuscular junction. Close and Hoh (1969) and Brown and

von Euler (1938) noted that after complete curarization that the records

for direct stimulation were identical to those obtained by indirect
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stimulation prior to curarization. Moreover, Brown and von Eule;'
denervated some preparations and'o?tained similar responses as when
the nerve was intact. Hammond and Ridge (1978) have similar conclusions
in their work on snake musélé.
Brown and von Euler noted in 1938 that tetani to soleus of very
\ long duration eg.20 sec. may actually lead fo a potentiation of 160%
quJpretetanic levels and may last for 10 minutes. Standaert (1963 and
1964) and Olson and Swett (1969) have studied'this and have founa_that
subsequent to conditioning by a high frequency stimulus, axons of the.
cat soleus nerve ﬁay respond to single‘stiﬁuli with brief trains of
action potentials. This was te(med Post-tetanic Repetitive Activity
and its occurnancé, intensity and duration depends principally on o
the frequency and duration of the conditioning tetanus. |t is generated’
o

in the motor nerve terminal and can be transmitted to the muscle to

produce a potentiation.

The cause ?f PTP has been considered b9 several authors. Close
y o \ «
and Hoh (1968), Hoh {1974) and Ranatunga (1977) suggest that fast muscle

~

at 37° is incompletely activated during a twitch and that the after-effects
of a tetanus is to induce a more complete activation.

Conversely, slow-muscle would appear to be more completely
dctivated at 37° since it does not exhibit PTP. These differences may
be bartiall; elated to the structﬁral nature of these musgles. I f,
for instance the fast muscle wiph its more abundant SR is able to effect

e

relaxation rapidly due to an enhanced performzﬁce at 37°, this would

Gﬂimit‘the duration of the cpntraction and in so doing, only allow

partial expression of its full potential. The effedt of the tetanus

N

.
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then could be to moré fully saturate the contractile apparatus with
activator (Ca*2) and thereby to some degree mask the rapid re uptake
of cat? by the SR. This could explain the resultant potentiation
which would decay at a rate proportional to the rate of removal of
calcium ions from the contractile apparatus.

Presumably at room temperature there is a limited PTP because
in the pre-tetanic itate the ca*? re uptake mechanism is already
slowed by the lower temperature and ;he twitch will effectively

already be operating with a greater degree of activation. Consequently

the tetanus is unable to further increase the twitch tension.

Since in slow muscle potentiation is not sdefi, the hypothesisr

that ‘slow muscle is more completely activdted a¥ 37° than is fast
muscle is furthered if we assume that potentiation results from a
greater activation of the muscle.

. L ]
iv. Duration of Active State Plateau {DASP) - Skeletal

muscle is thought to resembie a contractile component in series with
an elastic component. The series elastic component is non-contractile
and in order for mechanical force to be developed it must be transmitted
through this element first. |In an isometric response considerable.
Ed 0 * - . - .T -
time is required for the tension to reach its maximum value because
the contractile component must shdrten-and '"take up the siack"
(Gabel et al 1970) before an external tension can be manifest (Hill 1949).

Consequently the isometric response does not directly represent the pure

.activity of the contractile component divorced from the series elastic
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component. Likewise, according to Hill this explains why the same

tension is not developed in a twitch as in a tetanus. In tetanus

the second stimulus utilizes the pre-stretched condition of the series

elastic component in order to'develop greater tension. Thus, at least

in frog muscle, the initial physical state is the same as that of a

tetanus except that its duration is shorter {MacPherson and Willkie 1954).
A.V.Hill in 1949 defined the intensity of the active state (AS)

as the tension which the contractile component would exert if it

were neither lengthening nor shortening. (See Reviews Julian and

Moss 1976, Brady 1968). This condition could occuf for instance at

the peak of the isometric twitch wﬁere both elastic and contractlle

elements would be briefly at unchanging length. Thus, the active

state curve after a single stimulus is the time course af the isometric

twitch response of the contractile material in the- absence of the

series elastic éomponent. Hill also) thought that the time course

of the active state starts abruptly/ is maintained for a time and

-

then gradually declines.

Several ingeni;us attempts have been devised to meagﬁre various
portions of the a {ive state curve. Hill's:original method of.
"quick=stretch! involved suddqply stretching the muscie a- fixed
amounﬂ%ﬁfter stimulation. This had the effect of rapidly stretching
out the series elastic component and thereby enabling the observation
of the slower development of tension due to the contractile component’
alone. By using a system of unfused tetani, Edman (1969) was also
able to show that the active state is very rapidly engaged after

stimulation.. : e
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Ritchie and Wilkie (1954) were able to measure the decay of
active state by usi;g Hill's theory that the point of maximum
tension during the twitch coincided with the active state curve.

They stretched frog muscle slightly more than the length at which
measurements were to be made, stimulated the muscle and then reieased
the muscle from its stretch so as to record the redevelopment of
tension at its finsl length. They reasoned that the undamped

series elastic component can revert suddenly to its unstretched
length because of the quick release.

Bahler et al (1967) attempted to calchlate the active state
time course from its peak to the point where }sometric twitch tension
is reached, based on existing 3 component skeletal muscle models and
theoretical models thereof and in so doing concluded the time course
of A.S. is a function of muscle length.

Finally, MacPherson and Wilkie (1954) devised a technique to
estimate the duration of the active state plateau (DASP) and this is
the method used jn the present paper. The principle of the method is
that during the early part of the twitch the muscle is assumed to be
fully active so it behaves as though it were tetanized. However, if
the muscle is\not-resfimulated the tegsion curve soon declines. 1In a
tetanic contraction the tension remains elevated until the stimulus
is sﬁ]tched off or until the muscle fatigués. Therefore, if the
tension curve for a twitch and a tetanus (even a pair of appropriately
timed stimuli) are superimposed the-point where the two curves separate
is thought to repr&%Eht the onset of decay of the A.S. of the twitch.
tn practice accuracy is improved by measuring the point of separation

of the twitch first derivatives.
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The A.S. of a muscle twitch is a fundamental property of the
muscle fibers and directly reflects the contractile processes of-the
muscle whereas the twitch is a composite picture of all constituents.
As a result, the time course of the A.S. while still ‘'somewhat of an
abstraction has far reaching impli;ations in muscle contraction.
Close (1964) has suggested that the shape of the isometric twitch
is greatly dependent on the A.S. time course. Wells (1964) and Close
(1972) have indicated that the time course~of declfne of the A.S.
curve is more rapid for fast muscles than for-slow ones. Brust
{1966) noted that mouse fast muscle such as gastrocnemius or flexdr
hallucis longus has a shorter DASP than does the slower soleus.

These results would imply fundamental differences between these
muscle types and conce again:the possibiliE;,must be explored that
slow muscle is moré fully activated Ehan fast muscle. It is of
interest that there .s no evidence that mammalian muscle fibers

are fully activated at-any‘stage during a normaI.twitch (Close 1975).

The active state can be prolonged without affecting the

other pr;perties_of the muscle E?;nitrate ions, adrenalin, caffeine
L 3

or a second stimulus (Goffaif/gﬁgfﬁitchie 1952, Brust 1965, 1966)‘

and this is manifest by an increased contraction time.

Since there is apparently a slowing of fast musclg in dystrophy
(Sandow and Brust 1558, 1962, Brust 1966, Sabbadini ana Baskin
1976) it was thought appropriate to examine the DASP of these.

muscles to determine whether the phenomenon might be explained on the

basis of a change in the degree of activation.

J
e
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B. Histochemical Properites of Muscle

i. Fiber Typing - Morphological and cyfochemical studies

have revealed several striking differences in muscle f:bers Early
histological work by Grutzner (1884) found most mammalian muscles—

to be made up of at least two kinds of fibers. Red fibers are usually
dark and thin with many mitochondria and fat drogjet; whereas the
white fibers are larger and clear with.few mi tochondria and fat
droplets.. Muscle fiber population; are rarely_homogenous and struc-
tural differences were also noticed in the "protoplasmarieche'" and
"protopiasmaarme’’ fibers of Knoll (1891) and the ?fibrillénstruktur”
and ''felderstruktur" of Kruger (1952).

Schiaffino et al (1970) in the fast rat EDL found most fibers
were'large, had few mitochondria and lesser myoglobin concentration .
and thicker Z lines than the slow SOL. In addition they found that
these fibers were rlchly supplied with SR,contrastlng greatly with the
fibers of SOL. Spec1f|cally in the SOL they found discontinuous
dontacts between the SR and t system and dyads rather than the_typical
triads could occur. They suggested that this variable structural
pattern is related to two distinct phyéiplogical parameters, contraction
time (CT) and resistance to fatigue. Fisher and Peter (1971) studied
fragmented SR in vitro and conclhdea that fast muscie SR takes up
ca*2 4-1) Limes faster than slow muscle SR.

There are also differences in the specjfic activity of myosin
ATPase in fast and slow muscles (Barany 1967). Fast and slow muscle

myosins show several differences in their molecular structure(Sreter

et al 1966).
24
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The relativel* recent adoption of muscle histochemical methods
has permitted the examination of fiber types from an.ehtirely new -
perspective, Uﬁfortuhate]y however, this fie{d has been beset with ,
sharp growing pa{ns. One major stumbling block has been the widespread
lack of agreement over the ;dOption of a single comprehensi&e
nomenclature system. The literature now contains almost as maﬁy
fiber type classifications as there é;e papers arguing tHe validjty
of each. In fact.there are proposals fo; fiber types ranging from
two to an unlimited number (Dubowitz 1960, Gdth and Yellin 1971).
This dilemma becomes combrehensible if one considers that the problem
really results from the fact that the éiber typing system hinges
on thch p;operties'the author conside}s represenfative of Fhat
harticular fiber, a slightly circular argument. Many have triéh )
with‘some success to classify fibers on the basis of colour,‘morphology,
ultrastrucfure, metaﬁolism, contractile properties, myosiﬁ_ATPase
activity and'pH.lability and oxidati&e and glycolytic enzymes.
Romanul (1967)‘suggested 8 fibers types from a profile of histochemical
reactiong but this has not found much'practical value. ;The fiber
typing system used In this rébort is a modification of the system
of Dubowitz (1960) and Engel (1962) Who prefer the Type | and Type |1
system so as ''to avoid names with controversial implications''. The
point is well taken sinﬁe it avoids using the potentially erroneous -

physiological terms such as '"fast'' and "'slow'' to describe a histoleogical

entity.
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-.The fibers are typed on the-ba;ié of the alkali stable myofibrillar
_ATPase (ATPaée) reaction at pH ‘9.4 (Qee me thods ) and on-the nicotinamide
adenine dinucleotide tetrazoiium reductase {NADH-TR) reaﬁtion for
‘oxidative capacity. These reac;ions are discussed in some detail in
the methods section. Essentially however the reaction product for
the ATPase stain_resdlts in the prec%pitatioﬁ of cobaltous sulphide,
a dark coloured material. Likew{se, in the NADH-TR reaction NADH
and tetrazolium ace incubated with t}ssue and the NADH is oxidized

while the tetrazolium is reduced resulting in a blue precipitate.

-

Thus, the Type | fiber stains negatively for ATPase and
intermediately for NADH-TR. The Type 1l oxidative (!lox)
fi;ers stain strongly positive for both reactions and the
Type I'glyco]§tic (I*glyc) fibers stain intermediately for ATPase
and negatively for NADH-TR in the mouse (see methods).

It is now generally accepted that there are 3 basic fibér
types.and according to Close (1972) "unequivocal-identification
of most fibers can be achieved by staining serial sections forlm§os}n

ATPase, phosphorylase, and oxidative enzymes''. However, despite

~ this effort to reduce entropy many different systems persist to

describe these 3 fiber types. The following ﬁablp has been included
to illustrate several of tﬁe nomenclatures currently employed for
fiber typing. This table is a composite survey from Close (1972)

i ——
.and McComas (1977} and the fiber type nomenclatures do not necessarily

_ correSponJ‘exactly. -

»

T8
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System Fiber Types \

l. Present Classification I Hox "glyc
2. Dubowitz & Pearse (1960)' | #//II . {L{
3. Engel §!962) I I 11
4., Stein & Padykula (1962) B C . A
5. Romanul (1964) 111 I N
6. Pad;kula & Gauthier (1966) Intermed. RED White
7. Kugelberg é Edstrom (1968) C B 3 L
8. Yellin & Guth (1970) b ‘a ':éb
9. Brooke & Kaiser ., (1970) | 1A 118
10. Burke et al ‘ (1971)- s T FR FF
11. Peter et al (1972) 50 FOG FG

lt.is impértant to réaiize that fiber types are not immutable
and it s perhaps best to regard enzyme histochemistry as refliecting
an instant in time under given conditions. As Engel (1974) more
eloquently puts it '"it should serve as a caution that histochemistry
like nearly all other forms of tissue examination reflects the
situation at but one brief shining moment in the life of a cell'.

For instance, fiber types have been altered after nerve cross
union, ‘(Romanul and Van der Meulen 1967), exercise, (Barnard et
al 1970), excision of synergists {(Guth and Yellin 1971), tenotomy
(Vrbova 1963) and during normal development (Kﬁgelberg 1976). Guth
and Yellin,(197l) on the basis of fiber type transformations seeb

in normal and experimental conditons suggest that muscle cells are



28' . 1

G\)

dynamic and are undergoing conginuaH‘adaptatiqn throughoot 1ife
to chang}ng functional.demands. Consequently, they feel that any
attempt to classify fibers tends to mislead oqs_jgré viewing their
properties as stable charactéristics. They are therefore in févour
of a broad Qpectrum of fiber types.

There is considerable evidence that fiber types are under
neural control (Guth review ]968). Eccles et al (1958) showed
that slow muscle fibers are innervated by tonic motoneurones and
.fast muscles by phasic ones. Buller et al (T960) observed that v
mammalian limb muscles are slow at first ;;d differentiate to
fast{ or slow wi'th maturation. They also>npted that the cat soleus

actually speeds up for several weeks prior to slowing down to its

final slow nature, [n neonatal kittens transection of the spinal

4
cord resulted in no change in the developmental characteristics
of fast muscle but soleus failed to differentiate to its final
. . —~

characteristics.
<

Finally, it has been very tempting teleologically to ascribe
functional_characteristfcs to the whole muscle and the fiber types
themselves. Barnard et al (1970) suggest that the red (115y)

mu{cles are involved in low intensity prolonged duration types of

~ ’

activity as In posfurai-function. The white (Ilglyc) muscles are
L] .

thought to be primarily involved in high intensity short duration

exercise. Dubowitz (1966) believes that the red muscles would thus

d;pend on Krebs cycle intermediates and fats for fuel while white

fibers ‘derive energy from glycolysis. On the other hand, intermediate
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.sustained tonic activity (Close 1972). °

- awéy as can other enzymes such as lactate dehydrogenase(Fahimi and -

29

(Type 1) fibers are the low speed economical units suitable for

N

ii. Some Problems Associated with the Histothemical

Stains Themselves

- P b
Inherent in any physiological-histochemical study are questions

)

about the validity and the interrelationships of the methods used.

As muscle histochemistry made its debut there was a great deal

of optimism that it represented a kind of microbiochemistry whereby

stained sections could be assessed in at least a semi-quantitative

féshion merely by microscopic e;eﬂination. The attendant perils

have recently been revealed as have the even more dangerous attempts

to correlate histochemistry with physiology. Detailed subsequent

studies have shown that caution must be observ;d not only when comparing

muscles of different species bat also different muscles of tHe |

same species. The severjfy éf thhis situation prompted Engel (1970)

to write 'Classification of striated muscle into different types has -
\ .

always been somewhat confus}ng but recently has shown an alarming

trend towards the incomprehensible®,

The stains used in histochemistry have been criticized under

a number of criteria.~ Brooke and Kaiser (1974) have reviewed the

LY
~ .

possibilities of false Iocalizatibn_of the oxidative stain NADH-TR.

Since the diaphorase is insoluble in water it is unlikely to diffuse

Roy, 1966). Howliver, the tetrazolium of this reaction may bind
. - -

.
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selectively éo’compon@nts such as the SR, t-tubules and mitochondria
which can cause the reaction to occur in these lqci where in fact
the enzyme maylnot'be present. More insigiously, if the tetrazojium;
doesn't bind to a particular tissue component thag component cannot
be demonstrated. _ . -

Inléddition, Engel (1974) has criticized the stain,;n the basis
that it is quite readily altered in disease states and occgsionally
fiber type differentiagio& is difficult even in the normal animal.

The myofibrillar ATPase reaction has come under even closer

scrutiny and Brooke and Kaiser {1974) have labelled the stain itself’

as '"'technically a difficult one“._ In addition, it is often complicated
. 4

by a dirty deposition over (the surface of the stain which is thought

to be due to partial dissolution of the "intermyofibrillar" network

composed of mitochondria, SR, triads, t-system etc. (Guth & Yéllin,

1971). Guth (1973) has had reasonably good success in removing
: . )
this artefact by adding calcium to the fixative soiution. The ATPase

enzyme is very fragile and is sensitive to pH alterations as well
- 7"

In 1973 Guth concluded that since the phosphate liberated as
a result of the ATPase activity of actomyosin and or mitochondria
is selectively bound to the myofibrils, the localization and distribution

of reaction product doesn't necessarily reveal the site of enzymatic

activity. Furthermore the affinity for binding inorganic phosphate

differs among the various muscle fiber types. For this reason the

intensity of the histochemical myofibrillar ATPase reaction is not
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ngcessarily Jindicative of the activity of this enzyme.
Y . Thus while tHe histochemical reactions may not reflect the
actual bipchemical ;ituation, pérhaps the most important requirement
of histochemistry ;: to demonstrate the fiber types in a consistent

-manner. |n other words it is important if one wishes to examine

several SOL muscles of mice of thé same age and strain that the results

be reproduciblel' - ' . -

A majorrusefuiness of these stsins is simply to {EEEEQ%Y fiber
types irrespective of their biochemical make-up. It will, however
be shown in the following section that there are some muscle properties

which appear to be accurately assessed by the histocchemical reactions.
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5. Muscle Physiology and Histochemistry: .

- -

Is:There a Correlation?

Ultimately it would be hest to examine single mammalian muscle
fibers for correlation of.histochemica] and physiological properties
but to date this has no£ been achieved to,the best of my knowledge.
Many indirect attempts have beeﬁ made using whole muscles and more
recently motor units thereof, | '

There is. good evidence that the Type | fiber is a slow fiber
because the adult guinea pig SOL which contragts very slowly is
homogenous 1y composed of this fiber type {Karpati and-Engel 1968,
Edgerton andySimpson 1969, Barnard‘et al 1971). They also concluded
that the Type |lglyc and Iiox fibgrs were fast contracting,using
muscles rich in these fiber types. The fast fibers contain myosin
ATPase with a high specific activity and the slow fibgrs contained
myos in ATPa;elof a reiatively low specific activity. 8

In the present study similar indirect evidence of relative
fiber type speeds is obtained. The gOL which contains a component
of Type [ fibers'is usually considered to be a slow muscle in the
mouse. |t does however have‘a«ﬁ?gh complement of |[qgx fibers
which may also prove to be a f:ber of relatlvely szT or |ntermed|ate
';peed {Refer to discussion sectlon) However, in the fast EDL
(Type Ilg|yc'and II;X only) the contraction is very fast suggesting
both these fibers are fast contracting.

It is of interest that Briscoe and Taylor (1967) hypothesize

-

that it takes a larger admixture of fast fibers in a muscle than it

5 b
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does slow fibers toﬂsause an inflection in the isometric twitch
tension-time record. This points to the possibility that éach fiber
type does not contribute equally to the physiological characteristics
of the muscle and further comp]ica;es thé issue.

Close (196;) found that the rat soleus had 3 out of 30 motor
units which were of intérmediate speed and 27 which were slow which
correlates well with the histochemical stains if one assumes that

||0g is of intermediate speed. However, in the rat EDL which contains

x and Ilg]yc fibers the motor units had very small variations of

coRtraction times.

dstrom and Kugelberg (1968) also found that H y and IIgIYc

motor untts were fast. They found the "glyc motor units to

fatigue rapidly, ~he Ilgx units stower and the Type | units not

at all. ’

Burke et al (}97f) in a motor unit study of cat gastrocnemius
found 3 types of motor units classified as fast fatiguing (FF),
fatigue resistant (FR) and slow(S). Of these he found the .FF and
FR units to be fast contracting whereas the S units contracted
slowly. When the units were examined as a whole there was a
considerable spread of contractian speeds.
Close (1972) said that the available é;idence shows that the
fibers of some heterogenous muscles can be classified into 3 different
groups on the basis‘of their morphological and histochemical properties /)/

¢

but into only two groups on the basis of the time course of their

isometric twitch and kinetic properties of myosin ATPase at neutral

pH. | believe however that it is not wise to apply information from
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one muscle to another until direct ﬁroof becomes available.

There is considerable debate as to whether the individual
hjstocheﬁical stains have as their basis a physiological correlate.

One correlation.which does seem to fit rather well is the
oxiéative enzyme staining intensity and the resistance to fatigue
of the fiber. Burke and Tsairis (1974) gndlBurke et al (1974)
suggest that this is further-related té the richness of capillary
supply. 'In additionjfibers with a large oxidative capacity and
which use the Krebs cycle fatigue very slowly whereas fibers
which rely on glycolysis for energy are capable of rapid phasic

activity but fatigue. rapidly. This latter occurrence is possibly

_due to the depletion of intracellular glycogen. (éurke and Tsairis

AU

1974) .
In particular Burke and Tsairis found 3 types of motor units in
the cat which were classified according to fatigue resistance. Single .

units were tetanically stimulated at 40 Hz for 330msec and this was

‘repeated every second for two minutes. They devised a "fatigue

" index' to define ;he ratio of tension dﬁgltne from the %fart\{o the

end of the two minute interval. They found ‘'fast fab&’ﬁlng” units
which have little oxidative enzyme activity and depend on anaerobic
enzymes for ATP. They found also two types 3f "“fatigue, resistanv;;7
units which fatigue slowly and the ndlow" units which.showed no
fatigue ;:en after an hour of such stimulation.

Likewise Edstrom angd Kugelberg (1968) and Kugelberg (1973, 1976)

presented strong arguments that the oxidative enzyme staining intensity
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is related to fatigue resistance in their motor unit studies.
“

A more interesting situation appears when attempts are made to
correlate myofibrillar ATPase with speed of contraction. ‘“From a
superficial viewpoint the relationship does appear to exi§t. Engel
(1970) showed that in the slow contracting guinea pig soleus and
cat soleus the histochemical myofibrillar ATPase is of uniform low
intensity. Conversely, in the fast‘gastrocn;mius and EDL intense
staining type |l fibers predominate. A similar relationship was

-

noted by Edgerton and Simpson (1969) and Buller and Mommaerts (1969)

- L3
stated that ATPase was a significant determinant of CT. Kugelberg

(1973) reported that the CT could be predicted from the intensity
of the ATPase reaction and in 1976 suggested that fiber types are
continuously.in a state of transformation due to altered functional
demands and that these changes are mediated by.the motoneurones.

In 1967 Barany obtained evidence for a direct relation bet@ﬁen
the speed of shortening of a muscle and its actomyosin ATPase activity
using quantigative methods. He suggesteﬁ that this difference in
dynamic properties is correlated with and probably the result of
differences in the kinetics of myosin ATPase.

é§§ 1971 Barany and Close tonfirmed and extended thesé findings

in their work on cross-innervated rat muscles in which they report

reciprocal changes in the CT of cross-innervated fast and siow

©

muscles. They showed that the ATPase activity which is normally

greater in fast muscles, changes reciprocally as do the contractile

properties and the myosin structures of the cross-inpervated muscles.
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Fyrtﬂermore, fhey demonstrated thaf of the 5 activators of myosin
ATPase used the physiological one, actin, gives the best correlation.
Thus, this evidence for the first time showed ™ direct proportionality
between the intrinsic speed of shortening of sarcomeres and actin-
activated ATPase activity. Moteover, this provided excellent

evidence that theineural influencés determine the fundamental dynamic

properties of the contractile material by an effect at the ATPase

o
site of myosin. ,
Therefore, at first appearance the direct correlation of
] : .
ATPase activity to speed of contraction appears intact. In practice

Eowever, there are several instances which raise serious ohjections
to this relationship. For example, Guth and Samaha (1972)
have noted that newborn animals show an intense ATPase reaction
wheﬁ examined'histochemicakly but.quantitatively the ATPase activity
is very low and the speed of sh&rtening is slow (Bu]lé*ﬂet.al 1960,
Close 1964)." fhey explained this as possibly ref]ecting properties
of the gt stability of the ATPase of young muscle. Therefore one
caﬁ't &aqu? that an intense ATPase reaction is tantamount to high
actomyosin ATPase activity at physiologiéal pH. | 7

Burke, Levine and Zajac, Tsairis and Engel(l971);%ve found 3
non-overlapping populations of mo tor unit types in the cat gastrocnemius
which were separated by several physiologicél paramet®s. The 3 basic
histochemical fiber types exactly matchea the physiological groups
but on the basis of contraction time alone they were.unable to discern

the dividing point between motor units.
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Burke, Levine, Saligman, Tsairis {1974) in looking at cat sSTeus
motor units saw some correlations from the ''coarse view'. But, from
\

the “'fine view' they noted a two fold range in CT for soleus motor

units despite the fact that all fibers stained the same intensity

for myofibrillar ATPase. Further, the ATPase reaction j§ more
intense in the cat soleus thad in presuﬁébiy similar such units of
the gastrocnemius even though they contract more slowly in soleus.
This last peint not only emphasizes the problem of histochemical-
physiological correlation but also nicely illustrates the lack of
identity between motor units of apparently similar types in different
muscles of the same animal.

Burke and Tsai}is (1974) similarly observed a lack of consistency
in the ATPase staining and CT with both the fast twitch and slow
twitch units of the gastrocnemius. There was considerable overlap
of motor unit contraction time‘despite ATPase staining similarities.
THey concluded that it is probable that the histochemical appearance
of fibers may give an imperfect indication of the §peed of contraction
of the same fibers at least as viewed from ''fine grain's. .

Robbins et al (1969) studjed cross-innervated guinea pig so]eus
which | feel heips clarify the situation. From the above information
it is clear that therATPase staining intensity-contraction speed
controversy requires a compromise until additional information fully

resolves the issue,.

They found that when soleus was cross-innervated with a nerve

of a mixed muscle the CT of the muscle as a whole decreased and thi//J//,f
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number of ATPase dark (Type Il) fibers increased as expectea. But,
closer fxaminatioh led to the obgerVation that the CT of the ligﬂt'
staining fibers decrgased also. This indicated that factor§ other
than the increase in the ATPase dark fibers were responsible for the
decrease in contraction time. They proposed that a ﬁorrelation
between histochemical and physiological results doesn't necessaril;
imply that in the cross-innervated muscle every Type | or |1l fiber
is slow or fast respectively. Rather,"these results suggested to
Robbins et al that the percent of Type Il fibers can fnly act as a
gross indicator of the degree of speeding of the whole muscle. They
hypothesized that a fiber could perhaps change its ATPase stainiﬁg
reaction only when speeding or stowing had proceeded to some cr}tical
"turnover point'.

-

Thus the principal point made is that‘if the ATPase reaction
only marks the fibers which h;ve reached this point then this could
explain the incomplete correlation of contraction speed and ATPase
staining intensity. ' i
Finally, in defence of muscle histochemistry it “is imperative

that these techniques not be ovér~looked despite the above mentioned
a

shortcomTﬁgs, While histochemistry (like most disciplines) does

"have finite limitations, if these are accounted for and are not

exceeded, the stains can be very useful indeed. Few techniques have

been able to expand an arey, of knowledge as Fapidly as has ‘the,

histochemistry of muscle. It Has enabled the study of muscle to

-

prodeed from a new vantage point whereby many important discoveries
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have already been made, and the potential is great. While a particular

\\ stain may not_necessarily represent the actual biochemical relationships

1./

~ of the fibers at least the possibility is presented and this is a

challenge to physiof%gists._

Perhaps one of the major benefits of histéchemistry is its
appficability in conjunction with physiology as is done in the
present work. By interpretation of data from both points of view
a much more concrete appraisal of the situation can be obtained.
Moreover, t e is no reason to Eelieve that histochemis;ry would
not provide consiktent results when examining a particular muscle |
such-as the SOL-of animals of the same age and strain. In this
respect much can be gained from suﬁh a study especially when applied
‘to disease. , Brooke and Kaiser (1974) and Engel (1974) have suggested
that perhaps the majér use of histochemistry is as a muscie marker
for fiber types and in this sense has provided great strides in the

\‘\ study of muscle function and disease.
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6. Experimental Rationale

The findings of Brust (1966) sparked a number of investigators
to address the question of preferential involvement of one muscle type,

and more specifically one fiber type in murine muscular dystrophy. In

. particular the suggestion was firstly that fast muscles are s 1owed

and secondly that slow muscles are_spared by the disease. (It is
known that a{i fibers are)eventually affected by the diseése). A
great deal of evidence has accumulated consistent with this hypothesis
and\?ﬁ proven correct may give some support to the neurogenic
hypothesis of McComas et at (1971}). -

After preliminary observation of the contraction times of
dystrophic muscle indicaéed that the hypothesis of Brust may hold -
in dyzj muscle a time course study was devised to further investigate
the hypothesis. Several fundamental physiological characteristics
of fast and slow muscles were examined for signs of conversion to
Hetermine whethef these muscles had undergone intrinsic or extrinsic
fiber property changes: The propefties moni tored were CP/CD,
PTP/PTD and DASP. ’

1f indeed tﬁelcausa was found to be alterations of intrinsic
muscle fiber propérties, a histochemical study would be undertaken
to more specifically characterize the‘napure of the property conversions.
This phase of the work was designed' to determine whether there was a
selective involQement of a single fiber type or whether there wiffzr—
more geperal slowing of all fiber types. In this study mice of 3-4

weeks of age were examined becausq older dystrophics could not be

examined.accurately with the histochemical methods available.
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CHAPTER 11

MATERIALS AND METHOQDS

1. Animal Models

A. Mice

Bot? normal (C57 BL/6J) and dystrophic (dy2i/dy2]) mice were

originally obtalned from the Jackson Laboratories in Bar Harbour,

Matne and have since been successfully bred in our own animal quarters.

Because this form of musgular dystrophy is caused by an autosomal

recessive gene the F| offspring of a heterozygous-heterozygous mating
.’ .

will, on the average produce % normal animals, % heterozygous and

i dystfoPhjcs. In fact we normally get fewer dystrophicé, presumably

. because some die at birth. DYstrophic-dyétrophic matings are very

uncomion. It is of interest that there are no cbvious phenotypic

differences between the normal and heterozygous animals so the

- experiments involving ''control' animals likely also contained

heterozygous animals included in the%pool. There are also no apparent
fuﬁctionallﬂifferences between the mu;cles of +/+ and dy2i/+ mige.

The dystropﬁiqs begin to show clinical 'signs of the disease at
about 21 days of age but this }s variable over a few days. It
was of importance that these animals be detected at the eaFT?;st
possible-:?ﬁge of dystrophy and two signs helped in the early

: /

diagnos{s. Firstly, if a litter was agitated the‘dy;trophici would
often Timp slightly and hyperextend thei} hindlimbs while walking

-
; 4)
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as in voluntary stretching. The second and most reliable sign was

to suspend an animal by the tail. The dystrophics clasped their

hindlimbs close to the bady unlike their normal counterparift which

»
.

would extend their hindlimbs outwardly.

?ince a’ time-course s tudy was undértaken éhroudhout my
experiments the controls and dystrophics were grouped according
to their ages. In the contractility experiments the.“young”'~
group_of animals were 6-12 weeksrof age and ;hé "oid" group was
pooled from snima1s greater than 6 months of. age:

In the histochemistry experiments the mice were from 21-29
days of age. Histochemically this age period was c¢ritical since
it was fodﬁd thaf-with dystrophics the stains ;mployed‘lose their
specificity soon after this period. Therefore in staining this
young tissue | was able to study dystrophic tissue which stil)
retained its fiber types and thereby make judgments as to possible

preferential fiber type involvement.

B. The Guinea Pig

Male albino guinea pigs of the Hartley strain were purcHased

#from the Canadian Breeding Farm and Laboratories in Montreal.g .

These animals were from 6-8 weeks of age at the time of experimentation.:

{

The solei of these animals are composed entirely of Type 1 fibers.

Karpati and Engel (1968) report that it is not unti] the 6th week of
. ] s
age that the guinea pig soleus matures from a mixed fiber population

to an entirely Type 1 population. | have confirmed this histologically

-
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with 6 week soleus tissue but | have alsq fqynd‘ihe soleus of one
3 week animal to be homogenously Type 1. ) .

The animals were fed ordinary guinea pig chow but this was
supplemented with ascorbic acid in their drinking water (guineg
Pigs cannot synthesize Vitamin C) and fresh lettuce to improve their
blood clotting ability and general health. This was implemented

since they are prone to more copious bleeding under surgery during

the hot summer months and since it was thought that some animals had

scurvy on arrival,



2. Experiments Invoivlng Contractility

A. Preparation of the Mice P _ .

All cént?acti]itf experiments were done in vivo with the aim
of maintaining an intact nerve and blood supply to the muscle.

The mice were anesthetized by intraperitoneal injection of sodium
pentoba}jifal (Nembutal) at an initial dosage of 85mg/Kg (Taber:
.and Irwin™969). Supplementary doses were administered as required.
The animals were prepared for recording with the aid of a Nikon
stereomicroscope.

@ In the case of the EDL muscles the cutaneous tissue of the
anterior aspect of the hindlimb was removed and a length of 6-0
silk was tied around the distal tendon of the anterior tibialis
muscle, which overlies the EDL. This tendon was cut and the anterior
tibialis was reflected proximally, care being taken to avoid the
local vasculature. This exposed the EDL and in like fashion a
length of 6-0 silk was secured to its distal tendon near its
insertion. In an effort to maintain strict isometric conditions
a stainless steel wire was tied to the EDL tendon which was then
coupled to a force transducer.

If the mouse was dystrophic the sciatic nerve was transected
bilaterally at mid thigh level to reduce extraneous contractures
caused by the ever-present spontaneous muscle twitching. The leg
was further imnobilizéd at the ankle with a clamp and at the knee
with a pin inserted through the patella and into the matrix of the

base of the bath (Sylgard encapsulating resin: Dow Corning).

Ly

<
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The soleus was more diFficu{t to prepare“sincé it is’a deep

; muscle in the posterior compartmght of the hindlimb and utilizes
a common distal tendon, the Achillies tendon a]ong'wifh the plantaris
7ﬂusqle and the gastrocnemius muscle. | cauterized and tied off
the major yesselg which must be sévered‘in order to properly expose
the soleus. The distal ¥ of thelgastrOCnemius and a portion of thé
plantaris was removed 5o that the only muscle left attached to the
Achil]qs tendon was the soleus. A steel wire was connected as above
and the Achilles tendon was severed near the calcaneum for recording.
The motor nerves were transeﬁted as above if the mouse was.dystrobhic
and in most cases if it was ﬁormal. The muscles were stimulated
either indirectly by means of the sciatic nerve or direcfly by field
‘electrodes. Indirect stimulation was done as close to the ‘experimental
muscle as possible to avoid stimulating other muscles subserved by

the nerve trunk. °

B. ?reparation of the Guinea Pig -

The guinea pig posed some special problems of its own not already
described in, the méuse section. The guinea pigs were anesthetized
by I.P. injéction of Nembutal at hohg/kg initial dose {Hoar 1969)-
Bleeding was found to be a major problem and the following
‘measdres were taken. The animal was kept in a cool air;conditioned
room 12 hours prior to sufgery and after anesthesia the leg was
packed witﬁ ice to further reQuce peripheral blood fIOQ.- The smaller

vessels were blocked by cauterizing and ocozing was controlled with

.~
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Gelfoam sponges of absorbable ge]qtin {UpJohn). A neuro-coagulator
was' used éo seal some vessels and the largest ones were t{ed off with
'Etﬁicon 3-0 surgical silk.
A tracheostomy was used since it was founa that pccasionally»

'mucus accumulatien would occlude the airway. Since it is difficult
to control the plane of anesthesia By [.P. injection and since guinea
pigs can react unpredictably to the drug, (Hoar 1969) a Harvard 680
respirator ‘was used in case of a;cidental barbituate overdose. The
re5pirator.was implemented when the pupillary and pinch reflexes

became depressed and resuscitation was usually effective,

C. The Animal Baths, Solutions and Temperature Control

The prepared animals were transferred to a plexiglass bath
and fixed in position. . The bath was filled obliquely with Sylgard
encapsulating resin (Dow Corning Corpl) which remained gelatinous
_enough to allow penetration of-the immobilizing pins. The animal was
placed 50 that its head was at the elevated end of the bath and its
leg was at the ;ower end. Thus, Ringer could be introduced into the
bath completely immersing the animal to its upper thigh whiie the head
remained out of the fluid. The Kreb's Ringer solution was composed of

the following constituents:

) ) 'Y
NaCl = 121.00mM NaHCO3 = 25,00mM glucose = 11.1mM
KCl = 4,75mM KHpPO, = 0Q.50mM '
CaCl, = 1.50mM MgC1,-6Hp0 = 0.23mM

The Ringer was constanﬁ]y gassed with 95% 03 and 5% C0, and
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was gravuty fed to the animal bath elther via a hot water bath
{(37°¢) or directly at Room temperature (20 26°C) A yellow Springs
Instruments Telethermometer thermistor probe was submerged in the
bath near the muscle so the bath temperature could be continuousiy
monitored.i A suction apoaratus removed the surplus Ringer during

the temperature changes and kept the Ringer level constant,

1

Ry

D. The Experimental Protocol for Recording

The optimum point on the length- tension curve was obtalned as
the muscle was stimulated at a rate of lper 5 seconds at slightly
above the voltage required to elicit a maxima isometric contracttion,
The duration.of this stimuius was imsec. The reguired voltage Qas
‘then usually determined. for indirect stimulation at a duration of
0.1 msec. in a samalar fashion as above

g The muscle was allowed to equilibrate at each new bath temoerature

for a period of IO minutes and over this period photographs were
taken of the contractions at the 0, 3, 7 and 10 minute marks to insure
the muscle was ‘'stabilizing. The muscle was then tetanized at a rate
of 50/sec for 2 seconds and approximately 5 seconds after this,
stimulation was resumed at toe previous rate of 1/5 seconds. Photographs
of each post-tetanjc twitch were recorded for a perlod of two minutes’
then at every minute for 5 minutes and flnally on the 10th minute
post tetanus.. - (

The parameters chosen for the present experlments of SD/sec for

2 seconds are within the,suudelnnes of Close & Hob (1968) such that PTP

should be seen in the fast muscle without alteration of the CT or $RT. -
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If indirect records were desired this procedure would usually
be repeated with indirect stimulation at this temperature. Otherwise,
the-bath temperafure was raised to 37° and the above sequehce of
events irepeated. The order of direct.vs indirect recoraing was
varied in several experiments to act as an internal‘confﬁoll
ﬁikewise experiments were discarded when the post-tetanic twitches
did not return to 75% of the pre-tetanic values after 10 minutes.

If duration of active staté plateau measurements were required
photographs were taken at room temperature either ‘before or after
the tetanus experiments using the Macpherson a?d'Wil%ie (1954)
technique. l

In these experiments no attempt was made fo test_for the presence
of the '"back-response'' as defined by Brown & Matthews fl960) and.
which was further examined by Buller & Proske(1978). §1nce‘the

!

muscles were examined at optimum length, little back-resﬁqﬂgé would

<
bé expected. Essentially they have found that it is poqéfgle to
restimulate some fibers by means of the '"back-response" Laqsed by a
single maximal stimulus applied to the motor nerve. The resul tant
potentiation is presumably cauged by electrical! activity associated
with the firsg‘contraction and they suggestgq that it fs more likely

to occur in the low threshold axons.

E. Charatcteristics of .the Stimulating and Recording Apparatus

A schematic diagram of the apparatus is shown on p.49. The
basic stimulus for contraction was provided by either two Grass $D9

square wave stimulators, one for direct stimulation and one for
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indirect stimulation; or by a single Grass $88 multi-}unct}on square
wave stimulator. The SD9 used for direct stimMation was assisted
by a cu ent booster but this was usually not necessary for the S88.
When a tetanic train was desired the SD9's were driven by 2 wecond
external triggerfng pulses fed into their MOD input. This was
achieved by a sequential arrangement as follows. A Tektronix Type
160A Power Supply supplied the operating voltages for the Type 162
and 161 units. The 162 Waveform generator when required initiated
a negative going sawtooth wave form which triggered the 161 Pulse B
Generator. This, in turn triggered the SD9 for 2 seconds with a
10V rectangular pulse. |In the case of the 588, these functions can
be generated internally without external modification.

Di}ect stimulation was achieved by two large platinum fieid

"electrodes which surrounded the muscle and indirect stimulation by

two piatinum wire leads which were hooked around the distgq sciatic

[}

nerve stump.

The'equipment was calibrated and to maintain consiétency throdgh-
out, the various settings were marked with ink. .

The contractions were transmitted by a‘fine steel wire coupled
to either a Harvard Apparatus-373 (0-100gm) or 383 (O-Id%bgm)
isometric forhe transducer for mouse and guinea pig contractions
fespectiv?ly. These contractions were displayed on a Tektronix Type
502A dual beam oscilloscope after fi]ter}ng some very high frequency
noise generated by the transducers.' An RC lowpass filter was designed

for this purpose with a time constant of 0.68usec.
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The photographs of the oscilloscope traces were taken with a
5

Nikon continuous recorder PC-2A camera which was manually operated.
Kodak RAR:black and white 35mm film (2495) was uséd from 250 foot
reels and | developed this with Kodak chemicals. Theasubsequent
footage was edited and analysed on a back-illuminatea film viewer.

Estimations of the performance of the transduction systems were
made since this is important when attempting to make accurate

~

measurements of the isometric contraction tim?s.
With the 373 transducer a ﬁatura! Eesonanzjfrequency of 450Hz
was calculated by photoéréphs taken as the transducer beam was lightly
tapped. An estlmate of the compliance of the system was found by
connecting the stéel wire to the éﬁ}nsducer as in an actual experiment
and applying various amounts of puliing force to the other end by
retracting a micro-manipulator. The deflection of the transducer
beam was recorded with a Mercer micrometer and the average calculated
compliance was 1:58 u/ém tension.
The frequency response of the system was estimated by stretching
&
a length of 5-0 silk from the' transducer to a micromanipulator under
about 10 gms of force. The threaa was then rapidly burnt through
with a propane torch and the resultant rate of tension decline was
recorded. The average time to drop 95% of the original tension was
in the order of 2msec. The assumption Bere was that a system having
an ideal frequency response should display an instantaneous change of
tension. As pointed out this time period is only an estimate and
-
may.Le excessively long since the time taken for the thread to burn

through was probably not instanténeous.
. .
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- The corresponding values obtained for the Model 383 were:
natural resonant frequency 1000Hz, compliance 1.0 ufgm and response
/ ~ time in the order of 2msec.

? The second beam of the oscilloscope was used to obtain the first
derivatives of twitches for use in active state determinations. The
differentiator was designed with a 30msec time constant. (See circuit
diagram below). The shape of the first derivatives were checked
with phase plane plots(See figure two).. A Motorola 741 operational
amplifier was used here.

" CIRCUIT DIAGRAM OF DIFFERENTIATOR te"
|, I0.00]L']F
| | )
— "\ NNV Qlst Derivative
T=30msec 1MegOhm
inpute_ } I \\\\\\\\\\s ‘ .
0.03ufF . .

Motorola 741
Operationat
Amplifier



Figures 2a & b

2a

2b

a.
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Typical isometric contraction with first derivative
of mouse C57 SOL.

. Phase plane ploggof this contraction showing that

the differentiator has not altered the contraction

time relationships.

Ph
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“ 3. Histochemistry Experiments.

A. Tissue Preparation

The mouse and guinea pig tissue was removed from anesthetized
animals and was rapidly frozen by immersion fgr about 18sec. in
isopentape pre-cooled to -I%OOC in iiqura nitrogen (—19600). If
this tissue was not immedidtely used it was stored at (-459C} for
variable periods of time. 0ld tissue becomes mbre.dehydrated.
| The frozen tissue was transferred on dry ice to a Damon |EC
cryostat and allowed to warm to -20°C at which time serial cross
sections were cut at about 10u thickness. The serial sections
were placed on mfcroscope coverslips which were warmed to room
temperathre by placing a finger on its lower surface.

The sections were usually stained immegiately but if not it
was found that enzymatic preservation was better if the sections were

stored in the freezer.

B. Stains (/”\\
2alfs & .

(3]

Three stains were péed-onffhe serial sections. One section was
stained with Hematoxyl}n and-E?sﬁn (HEE) and this was used as a
morphological stain (Lillie 1974).

A second serial section was stained for oxidative enzymes with
the NADH tetrazolium reductase (NADH-TR) stain using modifications
of the methods of Nachlas et al {1957), Scarpelli et al (1958) and

Novikoff et al (1961).

8

A third serial section was stained for alkali-stable myofibriliar

ATPase (ATPase) using the methods of Padykula and Herman (1955) as

modified by Guth and Samaha (1969).
54
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Since the procedure for the HEE stain is well known a descrfbtion

is not provided here. However, complete,descrfptions of the procedures

for the ATPase and NADH-TR stains are included below. It is assumed

that the tissue has dried on the'coverslips for a period of at least

310 minutes.

4
1.

-

[

i. Demonstration of NADH-TR

lncubaée_for 304%inutes‘at 379C in the following well mixed

solution which has pHxadjusted to 7.4 (HC1 and NaOH):

0.2M Tris buffer-(pH.Y.h) 10mls

NBT ) ' 10mgm

" NADH : o 8mgm
Rinse in cool distilled water 3 x 1 minute

- }
Mount on microscope slide with water soluble mounting medium,
~ ) ii. Solutions

0.2M Tris buffer (pH 7.4):

Tris hydroxymethylaminomethane  ° 0.606gms
distilled water ﬁ mls
0l1M hydrochloric acid .0 mls .

adjust pH to 7.h
Nitro Blue tetrazolium (NBT) salt 816.0 mw

Reduced diphosphopyridine nucleotide (NADH) 709.b4mw

1t was through the preliminary work of Mr. Jacques Dallaire and
Dr. A. Reed on the fiber type formaldehyde sensitivities that the
ATPase stain was adaptable for mouse studies as employed below.

o ——

( n
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iii. Demonstration of ATPasg\

Fixative - 10 min. in cold (hoq) ngative medium .
Fixative rinse - 4x3 min. in cold distillgd'water rinse ;
Pre-incubation - 15 min in cold pre inc. medium
Incubation - 45 min at 37°C in incubation medium
1% Caci2 - 3x30 sec rinse . /1

’ L4

Drain and blot coverslips

2% CoCl, - 1x3 min. wash

0.1M buffer rinse 4x30 sec rinse !(re establish pH) .
1% (NHy) ,S - Ix3ygin- |

tap water rinse (cold) - 1x5 min. .

Ascéndfng alcohols : 95% ethancl - ixI min.

/

{ 99% ethanol - 2x1 min.

Xylene - le.min.

. Mount a mounting medium

~
d
iv. Solutions

Fixative: {To be made up freshly»each:time).
a. forTaldehyde (5%) - 1ml
b. sucrose mw {342.3) . ﬂ 2.3276gm
© .p. calsium chIorl?e mw (¥10.99) , 0.1509qm
d. sodium cacodylate mw (214.02) " 0.?56 gm |
-make up to 20mls with distilled water h | 4
-adjust pH té 7.6 inisold gnd\use in cold (4°c}
Fixative rinse: ,cglq {4°c) diétilléd'wasfr

0.2M stock buffer: (make up to 75ml with distilled water)
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L. Pre-incubation me?}um: (fresh each use)
a. calcium chloride " 0.lgm
b. stock buffer 12.5ml
-make up to 25ml with distilled water |
.-pH adjusted to 10.4 with NaOH at 40¢
5. lIncubation medium: (fresh each use)

a. stock buffer ' 12.5mi

b, calcium chloride ' '~ 0.0499gm
c. disodium ATP mw (551.2) - 0.062 gm

-make up to 25mls with distilled water
-adjust pH to 9.4 with HCl at room temperature

6. 0.1M Buffegrinse: {fresh each use)
L
a. stock buffer '

o«
-make up toel00mls with distilled water

-pH adjusted to 9.4-with HCl at room temperature
7. ]2 Calcium chloride: A
a. calcium chloride . Tgm
-aﬂd 100mls of distilled water
8. 2% Cobaltous Cl}loride 'mw(237.95):
a. CoCI2 : 2gm
-add 100ml of distilled water
é. 1% Ammon ium SulpGide {assay 23.4%):

a. (Nuﬁ%s_) : 1m} '

-add 99mis of distilled water
_ , ‘ R

*NB: above solufions 7, 8, 9 must be stored in brown glass

bottles at 4°C if made up as stock.
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The photomicrography was taken with/; Carl Zeiss Ergaval
microscope. Black and white prints were made frém Kodak Panatomfé
X ASA 32 film and when colour slides were required they were taken

-

with Kodak ektachrome tungsten ASA 50 film and were sent out for

commercial developing. .
The histochemical portion of this study required that muscle
f{ber types and certain morphological structures of fibers be
counted with accuracy. In order to do this, black and white prints
were taken of the muscles. Since the entire cross-section of the
muscle was to be counted, 4 to 7 photos had to be taken of each
muscle and these photos were reconstructed so as to include the
complete muscle cross-sectian. The*photos were taken at 100x
magni fication to provide sufficient,detail. Acefate sheets were then
p]acea over the reconstructed cross-sections and the various structures
of interest were identified yith a dot from different coloured
marker pens.
Thg protocol for this was as follows. Only the ATPase and
HEE stains were used.in this study. First the ATPase stained cross
%gction was analysed. All fibers were identified with one of four
different coloured dots for four of the criteria which are defined
in'tﬁ; histochemistry portion of the results chapter. These criteria
were 1. Total Type Esz 2. Total Type I 3. Abnorma]’staining and

4. Abnormal structure. _ -

Next, each fiber identified aboue had to be re-located on the

.

HEE stained serial cross section of the same muscle. Here the individual

- ’ et

AN
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fibers were further categorized with a coloured dot. "From the HEE
stains judgeﬁents were made regarding whether the fibers were .
ceqtrally'nucleated, again according to defined criteria found in
the results chépterf (éentrél nucleation cannot be determined from

the ATPase stain). .
In this-fashion 10 whole normal and 10 dystrophic SOL cross
sections were completely counted and this data is contained in the

results chapter.



4. Statistical Apalysis

A. Coﬁtracti]ity Experiments

For the most part standard statistical tests were used to
Ideﬁermine significance. 'Means, standard deviations, standard error
of the mean and student t tests were performed with the aid of a
Wang 600 Computer. Significance was set at the 95% level. A 2 by 7
analysis of variance was also used to;obtain information from the
summarized physiological datg. Parametric and non-parametric

S

methods were used.

P

B. Histochemical Experiments

Similar ‘tests were employed here as above. A Chi square test
was used to determine significance for the fiber type population

distributions.



CHAPTER 111

RESULTS

1. Physiological Study

4 -

A. Mouse

. a. Muscle Weights .and Tensions (Absolute and Normalized)

i. Introduction |In this section and in the sections to

follow dealing with the physiological aspects | have examined the
data from five points of view. The first variable deals with muscle
types ie fast and slow. Thas the extensor digitorum longus (EDL) was

chosen as a representative fast muscle and the soleus (SOL) -was chosen
as a representative slow mu;cle. The second variable was the state
of health of the muscle, healthy (C57) and dystrophic (dy2J)" The
healthy muscles would provide the baseline contr%‘ Qata. Thirdly,
since_the study as essentially one ofcgime courses the age of the
mouse was exa;ahed as well,6-12 weeks or greater than six months,

from which the disease progression could be monitored. Fourthly,
although.these muscles were examined at the baseline temperature of

37°C, they were also carried out in duplicate at room temperature

since somenfast and slow muscle responses are best observed at this

lower temperaturex Finally, the muscles were either stimulated
directly by massive ''field'" electrodes or indireétly via the motor
nerve. The purpose of the indirect stimulation was originally intended

to act simply as a control for the guinea pig stimulation experiments.

61
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\Since one cannot be sure that all 6f the innermost muscle fibers

-
are stimulated when direct shocks are applied to the guinea pig
soleus it was necessary to elicit contractions via-the motor nerve.
However, apart from this core information, additional "“spin-off"
information could be extracted. For instance, the indirect stimulation
experiments of mouse not only provided controls for.the guinea
pig muscles but alsc could be used Eo measure differenqes between

. 1

direct and indirect stimulation. This type of information which was
not considered critical in terms of the original Intentions but wﬁicﬁ
was nevertheless of interest and value is deferred to the appendiées.

-~

Ii. Muscle Weight and Tension Data in Mouse Data are given

in Table 1 for the gbsolute twitch tensions of, the EDL and $OL muscles -
at 37°C. In addition the weight of the whole excised muscles were
recorded after each experiment and these were used to calculate the
normalized twitch tensions (twitch tension (gms)/gm of wet muscle
weight).

From these data it i's apparent that one of the most obvious effects
of the disease is to reduce the muscle weights and absolute tensions.
According to the hypothesis, if SOL is spared and EDL is slowed with
time one would'expect to see EDL progressiQely taking ah characteristics
of the normai slow SOL and relatively unchanged eff?cts upon SOL.

In order to interpret the information confaiﬁ%d on Table |
student's t tests were performed and only the core information is
presenged here. For a full analysis refer tb the Appendix | which

contains data obtained at room temberature.

a



TABLE 1

The Effect of Muscular Dystrophy on the Weights and on

Absolute and Normaljzed Tensions of Fast and Slow Muscles

" in Mice of Different Ages at 37°C (a) (b) (c¢)

¥ Je

« Muscle

o]
HWuscle Description Weight Absoute 37 gormalized
. (mgms ) Tension(gms) Tension(gms/gm)

1. Direct 0ld €57 EbL  (15) 11.010.3}( 6.4+0.47F 595.5234.5
2. Direct 0id dyZJ EDL  (14) 6.6£0.4 4.70.4 725. 4454 7
3. Direct Young C57 EDL (14) 8.1*0.#] .0%0.3 1489.0123.2}
L. Direct Young dy2J EDL (13) 7.8%0.4 2.1%0.2 272.3%22.0
5. Direct Msg.sm (15) 12.‘310.1;* 6.120.4 h88.8¢26.3]
6. Direct O1d dy<) SOL  (14) 6.420.6 40,3 564,142 . 4
7. Direct Young €57 SOL (11) 8.8+0.5 .3%0.4 373.1:2&.2%
8. Diréct Young dyZJ soL (12) 7_.310.5% 1.8+0.27 J244.4216.2
{a) Vvalues are Mean * SEM, values in parenthegig are N=Number of Mice
(b) Normalized Tension = gms tension/gm wet muscle weight
()

Crossed Vertical bars indicate significance at the 5% level

with student '"'t'' test

63
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Dealing firstly with the muscle weights there is a clear trend
that in all age groups studied the dystrophic muscles are lighter
than control. It is further apparent that the young dystrophic mice
are less impaired in this respect than are the older dystrophics
presumably becauée in the young animals the disease proéression
has not yet advanced as far.

It is important to establish the situation in the normal SOL
and EDL muscles before examining the dystrophics.

Looking at thé young and old €57 EDL there is a weight gain
with age and this is also reflected in an increased absolute tension
(ron 1 and 3). The hormalized tension increases as well which may
indicate that the contractile mechanism itself develops to a greater
extent with age. In the C57 SOL similar changes are 6b£erved showing
that these muscles gaiﬁﬁheight and develop greater absolute and
normalized tensions wFtR” age#frows 5 and 7).

Thus having established the baseline situation for €57 muscle
the dystrophic mﬁscle can be examined in reference t; this. Directing
attention to the young animals it apﬁears that while the young dyzi
EDL has not lost weight relative to its young control, it has lost
both absolute and normalized tension (rows 3 and &4). This is
interpreted as evidence that the contractile mechanism is being
adversely affected at this ear}y age. fhe young dystrophic SOL Has
logt weight as well as absolute and norma{ized tension (rows 7 and 8).

The older animals exhibit marked changes as well. In the old

dsz EDL almost a 50% weight loss Fs~incurred relative to control,
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twitch tension drops about 1/3 but the normalized tension actually
increases (rows | and 2), In the old dyZJ sSOL similar losses occur
in weight but the twitch tension drops by about % and the normalized
tension doesn't change relative to control (rows 5 and 6). That the
normalized tension should increase in the dyzj'EDL is rather curious
and may reflect an enhanced activation of the contractile mechanism of
the surviving fibers. '
Finally to depict the changes occurring within the dystrophic

categories themselves further t tests were used. The young dyzi

EDL weighs more than the old dy2j EDL due to the severe wasting of

dystrophy in the older muscle. The older dyzj EDL however produces

more absolute and normélized tension than the young dy2j EDL (rows 2

and 4). Similar observations are made for the dystrophic soleus

(rows 6 and 8). Why thls should be so is not clear but it would appear
\\2;_§his basis that the younger dystrophic fast and slow muscles are

mo?; severely debilitated than the older muscles in terms of tension

deve lopment.

To summarize the above information, it is clear that muscle mass
and absolute muscle tension are lost in both fast and s!ow muscles in
dystréphy as is commonly observed. It would appear that the slow
muscle is affected at least as severely as the fast muscle in this
respect. However, normalized tension is depréssed in the young dyzj
fast and slqg:mhscles relative to their age matched contro]g but is

augmented in the old dystrophic relative to control. These basic data

represent preliminary information required before a more detailed

-
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f42dy of the contractile properties of these fast and slow muscles

can be undertaken, the most important of which is their speed of

contraction,



b. Study of the Time Parameters of the Contraction

i. lIntroduction The most fundamental properties whic

defing fast énd slow muscles are their contraction times (é nd
One‘half relaxation times (4RT). These parameters were examined

in the dystrophic mouse for evidence of slowing in fast muscle and
sparing (or small change)'in the slow muscle as was recorded by -
Brust (1966) in the ReJ 129 mouse. If the above findings are also
observed in the dyzj strain of mouse a mofe detailed study of the

‘nature of this occurrence would be undertaken.

ii. Mouse Contraction Times and Half Relaxation Times

-

The CT and RT data obtained for mouse SOL and EDL at 37° are
given in Table 2 and as before the room temperature data are given

in the Appendix number 2. The student's t test was used to determine
signkficance and some of the more impértant comparisons are shown on
the table. |t was found as expécted that the young and old C57 EDL
muscles are significantly differént from their age matched 57 SoL
muscles although this comparison is not drawn out in Table 2.

The effect of maturation on the C57 EDL can be seen by examining
rows 1 and 3. Since.there is no significant difference in.the young
;nd old musclg t%mes it would appear that these parameters were
eﬁtablished and maintained at the same speeds over the time period
examined in this study.

It is of interest that the C57 SOL (rows 5 and 7) develops a

significantly slower CT as it ages. The %RT however does not change.
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TABLE 2
ISOMETRIC TWITCH
Contraction Times and Half Relaxation Times in Normal and

Dystrophic Mouse Fast and Slow Muscles at 37°¢C (a) (b)

- Muscle Descriotion Contraction - Half Relaxation
S escrip .Time {msec) Time {msec)
. 0ld €57 EDL (14) 9.040.4 } 8.610.5 } N
2. 0ld dy2j EDL  (14) 16.6%1.1 19.1¢1.6
3. Young C57 EDL (14) 9.1x0.2 } : 9.210.6 ] |
4. Young dyZJ) EpL (13) 11.7£0.5 - 11.8¢1.6
5. 0HWd CSZ_SOL (11) 20.610.9 :l 23.1£1.1 E* ]
6. 01d dy4d soL  (14) 20.6+0.9 27.6%1.8
7. Young €57 soL (1D 17.4%1.0 } 21.5%1.8 } B
8. Young dy?4J) soL (12) 14.940. 4 . 16.710.8
‘ ‘P(a) Values are mean % SEM, figures in parenthesis are N=Number
of muscles,
{b) Crossed vertical bars indicate significance at 5% level using

student's t test,

1
-

S
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It is likely that this baseline slowing of SOL with agée ts due to
a shift with matur;tioh toward a proportionetely larger population
of slow fiber types as Seen in tﬁe rat (Kugelberg 1976).

. From rows 3 and 4 it appears that dystrophy does indeed slow
the CT of young dsz EDL whlch is in agreement with the findings of
Brust (1966). The %RT is not prolonged. The effect of the disease
is seen even more clearly by'exémining rows 2 and 4. Here the old
dyz-i EBL shows éonsiderably more slowing of Ech CT and. 4RT than.
does the young dy?2J EDL. The course of the disease would thus appear
to brtng out the slow /)4@ effect to an even greater degree.

The young dyzj SOL on the other hand actually speeds relative to
control (rows 7 and 8). This finding might not be anticipated according
to the working hypothesisg The old dyzj SOL does however conform to
the hybothesis in that it appears reasonably unchanged relative to = €.
controlt\ The RT is prolonged in this muscle.

. ln.summary, it has been found from this preliminary E;;ﬁy thet
for the most part the propertles of dyzl fast muscles do appear to
shlft towards those of slow muscles as previously suggested by Brust ?
N

The young dsz SOL speeded whlle the ;1d dyZJ SOL slowed relative\“”

to control. Consequently a more detailed examination of the cause of

these observations was considered worthwhile. In order to determine

whether these observations were due to intrinsic or extrinsic fiber

property changes the following exemplary fast and slow muscie properties

* were examined: - cooling potentiation/depression, post tetanic potentiation/

.

L
depression and the duration of active state plateau.

. -
Ay 3
{
2 \/
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€. Cooling Potentiation/CooJing Depression . ‘3

/‘\

i lntroductlon The first :#&runsfc muscle property‘ﬁxL/

be presented is the cooling potentiatfon -(CP) and cooling depression’

-

(co) phEhgmenon. Fast and slow muscle responses are polqriz{i\with

respect to this property. When cooled'fas; muscle normally develaps -

© @ greater amount of tension while slow muscle&\develop the same or a -

< : .
lesser amount of tension. .Fig. 3 illustrates the effect of lowering

. the bath temperature from 37° to room temperature in 57 and dyZj

fast and slow muscles.%,

- ) , -
ii. Mouse Cooling Potentiation/Depression Table 3 shows

the data obtained for moug® fast and slow mus;le.r To first confirm
that these mqscle; really dq di;;er in their_résponses,.it was found
by ; testing that the young and old controI.EDL'responses were
significantly dlfferent from the respective control SOL }esponses
ie the EDL developed a CP response whlle the SOL developed either a
CD.response or  showed no change. Secondly, there was a difference
beﬁween thé young and old C57 éDL (rows“l and 3) and the young and
old C57 SOL.(rows 5 ané‘?) The youhg CS7 EDL showed the fastest

fresponse, (largest cP) and the old c57 SOL the slowest response
(Targest CD). Th;se dlfferences are probably due to muscle changes

ﬁ' ‘assocuated/ﬂlth maturation. . It is however curious that the dlrectlons

oF the sﬁ:ft of these properties with age should be in opposute

.

/
directians for the two types of muscle
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Figure 3 Isometric contractions of mouse fast and slow muscles at
room temperature and at 37°C (showing cooling potentiation/

cooling depression).

Insets: Vertical bars = 1 gram tension.
Horizontal bars = 20 msec.

V4



TABLE 3

Cooling Potentiation and Cooling Depression in Normal and

Dystrophic Mouse SOL and EDL Muscie (a) (b)

Muscle Description

Tension at Tension at
RmT. (gms} 37°C {gms)

Twitch Tension at RmT.
as a Percent of 370

1. 0ld CSZ'EDL (15) 9.00.5 6.420.4 143.5¢4.9 }

2.. 01d dy2J EpL  {14) L.6x0.4  L4.710.4 98.614.5

3. Young CSZ_EDL (14) 6.610. 4 4.00.3 169.9%7.2 ‘
4. Young dy4J EOL (13) . 3.1%0.3 2.120.2 149.046.0

5. 0ld C57 SOL (15) ~ -5.240.3  6.1£0.4 88.612.6 ]

6. 01d dy4) soL  (14) 3.0%0.2 3.4%0.3 88.0%2.5

7. -Young CSZ soL  {11) 3.340.3 3.310. 4 102.8£5.4

8. Young dy2J'soL (i2) 2.210.1 1.820.2  125.0£6.2

.

{a) Values are mean t SEM, numbersz(n brackets are number of animals.
(b) Significance at 5% level using student's t test is indicated by,
4 .
crossed vertical bars. RmT = room temperature.
ok

&



73
Thus having described the situation in the normal animals a
<A comparison can now be made wuth the dystrophlc muscle * While the
. young dy2] EDL demonstrates sugniflcantly less CP than does its
control, it nevertheless still shows some (P, (row 4). Probably
_ the slowing effect of dystrophy has not yef had sufficient time to
exert its full influence. The old dy2j EDLrwhich has been subjecged
to the di§ease for a longér period of time shows no change as the
temperature is varied which is a response much like a slow muscle's.
The cld dyzj EDL shows much less CP than does the young dyzj EDL
(rows 2 and 4) which would alsc indicate that further siowing occurs

as the disease progresses.
. . . ‘ . e

-

Interestingly, in the young-dyzj SOL an enhanced CP is observed

compared to the controls (rows: 7 and 8). This is in agreement with
ey

_the speeding of cdntr%’tion time data which was(gre\)iously presented.

It shquld be regmphasizeg.however that the young C57 SOL shows

relatively fégt characteristics to start with. ﬂ )
.. ’ The old dy2J SOL is not significantly different from the control,

possiE]y indicating fhat‘a smail e%fect if any has occurred to the

slow muscle'rééponse (rows 5 and 6). .The old dy2J sot shows signifi-

cantly more cooling debression than does fbe young SOL si&ce the

young SOL speeded | ‘ : g0

In- summary, |?quuld appear that the CT slowlnajg% the’ dsz EDL

Ll

of both age groups has been substant:ated by the CP/CD data. The -
. : ' 4 .
old SOL shows small.change with dystrophy, however the ydung dy2J “soL -
. : : p

f




d: Post-Tetanic Potentiation/Post-Tetanic Depression

j.r Introdué;ion Since post-tetanic potentiation {PTP)
is a characteristic of fast muscle and post tetanic depre;sion (PTDY
is a characteristic of slow muscle these properties were also inves-
Figated to help elucidate the nature of the changes occurring in the
dystrophic muscle. If for instaqce the fast muscle contractioﬁ speed -
"shift toward slow muscle is ;ccompanied by a shift of post-tetanic
-response toward slow muscle properties this could be interpreted
as ébidence that the fibers themsel&ts have undergone intrinsjc

property changes.

ii. The First Post Tetanic Twitch in Mouse

-

PTP is most evident at 37°C in fast muscle because the more
complete.activation of this"muscle at room temperature:preclitdes °
its presence. Table & shows data obtained at 37°C for the first

N . . ' .
post-tetanic twitch only in the different muscle categories.

Since PTP and PTD are maximal shortly after the tetanus and then

) . . :
decay, these data obtained approximately five seconds post-tetanus .
\

are as close to the maximal responses as was possible using the

N

equipment available. The data obtained at room temperature are

\

examined- in ﬁﬁﬁéhdix 3.
From Table 4 it is of interest that both the young and the
' * . )
old control EDL values display significantly more PTP than their

§0L counterparts (Statistical tests not shown on Table k}. Thus.
. : - .

. ' . .
the 'C57 EDL has a rather strong PTP response {rows 1 and 3) .while the

1 .'h‘-l -

AT A



TABLE 4
First Post-Tetanic Twitch as a Percent of Pretetanus in F
‘ Normal -and Dystrophic Mouse Fast and Slow Muscle at 37°C

(a) (b)

o

Lo First Post Tetanic Twitch
Muscle Description . -

as a Percent of Pretetanus at 37°C

- . ’
O~ v W N —
e &+ & e e w ®

01d CSZ,EDL (1) - 131.715.1,:* 7]

01d dy4 epL  .(13) . 107.442.1

Young CSZ,EDL (12) . - 142, 7+b.4 . i .
Young dy<J EDL (10) ' 124,422, 7 *
01d csz,SOL {10) 102.741.8 7 :

01d dy+J soL ( 8) 105.0%3.3

Young CSZ_SOL (10) ~ 110,322 :] "

Young dy i/;pL 1) . 111.1£1,8°

a
.

Values are mean * SEM, values in panrenthesis are . N=Number of
muscles. - h #
Crossed vertical bars indicate significance-at 5% level using

student's t test.

EEE
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€57 SOL exhibits a lesser response (rowspg and 7). It is probably
not possible to assign a true PTD response to tﬁ;’tﬁ? SOL values
since if anything they show a slight tendency towarﬂfPTP. .This
‘buﬁcome can be explained if one recalls that the ngidoes have a
rather large fast muscle component. It is likely that the two types
of components work in 9pp65ite directions so fhat the net rgsbonse
would really reflect to some degrqe the ratios of these compbnents.in
the musc!e.s'Since the SOL has a lérger population of fast fibers
than slow fibers -{see h}stochemistry seétion) one would pefhaps
anticipate the small net amount of PTP abserved. Likewise as prev1ously
mentioned if the old C57 SOL has atroughly equal proportlon of fast
~and slow fibers (seeihlstochemlstry section) then one could expect

the obsérvation gjino chanﬁb post-tetanus as was found here. . . .

+ Now, é&ﬁsi&é#&ng the‘muscle 'ypes separalejy there was no

difference in responSe-between the young and old C57 EDL muscles

]
¢

(rows 1 and 3) as ‘was the case with the C57 SOL muscles (rows 5 and
7). TH{S might be interpreted as evidence that these properties

mature early in these mice and remain stable over the age groups

examined. t*s\

The young dsz EDL shows significantly less PTP than control

" (rows 3 and 4) as does the old dsz EDL {rows 1 and 2). Also, since

the old dy?JvEDL shows less PTP'than does the young dy2J EDL (rows
2 and 4) it would appear that as thehdisease advances there is'a
. - ’ -

progréssive shift of fast‘ﬂo slow muscle-propérties in the EDL. .

. y o
In the old dsz SOL ‘there is no sugns$|cant diffenence from the - )

Il e '

c0ntrol which céuld |nd|cate - sparlng of slow properties (rows 5 and(6)

.. . \
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™~
There is no difference between the control and diseased young soL

muscles but, as previously noted both of these demonstrate rather

llfas

SOL

t"' characteristics.
Finally, there is no difference between the young and old

values indicating'that the effect of the disease has been

relatlvely smallnregardlng this property S

sugqg

prop

Yn summary, data gathered on the flrst twitch post tetanus have
ested that the disease does transfrom the’ |ntr1n51c fiber type

erties of the fast muscle and leaves those of siow muscle relatively

intact. One further bit -of information was also derived from the

post
IRT
the

deta

tetanic phase of these experiments. 1t was found that the CT and
of thé post-tetanic twstches were not statistically altered by
tetanus for any category of muscle examined. For this reason a

1

iled chart was not included. In the EDL which demonstrates an

increase in twitch tension post-tetanus (PTP)‘but no change in CT or

iRT,
this

In a

this must mean that the average rate of rise has increased and
may be intejpreted as anincrease in activation of the muscle.

ddition, this may be an indication that the rate of rise of the

actnve state curve has changed in the section following the PTP/PTD °

study a portEOn of the actuve state curve was |nvestjgated this was

. . ﬁ
thi'Duratapn of the Active State Plateau or DASP.



i1i. Further Characterization of the Post-Tetanic

, ' Potentiation/Post-Tetanic Depression Response

As previously noted, since the PTP/PTD res s maximal very
soon after a tetanus it is desireable to use the first pbst-tetanic
twitch as ﬁhe reference point from which' fast and slow muscle differences
are measured. In addition, it is a fundamental property of fast and
slow muscle to decay at a characteristic rate. it is important also
to insure that the decay of teese curves is stable end reprp&ecible and
that there is an acceptable return. to pre-tetanic.ievels. Any
experiments which did not return to 75% of pre-tetanic tension within
10 minutes post- tetanus were discarded:

Therefore, in.order to further characterize and insure ehe
:eproducibility of these phenomena the time course of decay was
monitored for a perlod of 10 minutes post-tetanus.

The fol]owtng flgures deplct the tlme course of PTP 9ecay in the
' #’muscle categories studled aﬁ 37°C

Fig. 4 shows the |nterrelat|onsh|ps between the young C57 EDL,

dy2j EDL, €57 SOL and dsz SOL muscles and ‘the time course of decay

of thelr post-tetanic responses. The young C57 EDL clearly demonstrates

the greatest amount of PTP while the €57 SOL shows the Ieast. The

dsz EDL - howeyer has made a’ notlceable shift toward the €57 s0L

ig_toward the normal response of the mouse slow muscleﬁu It would\thus

appear that there is.a conversion of intrinsic muscle properties

taking place"i ' g ' )

s ' d . d
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It is of interest that the young dyzj SOL demonstrates once more
its tendency to behave like a fast muscle. The decay curve for this

P ) L]
muscle shows consider e PTP and takes a Yong time to lose jts

potentiation. The young €57 SOL also shows some fast scle inclinations.

Fig. 5 depicts the situation in similar fashion to Fig. 4 except
that old muscles are considered. The most noteworthy aspect of this
graph is that the old dyzj EDL shifts.téward the €57 SOL to an even
greater extent than was seen in the young dyzj EDL. This suggests

)
that the slowing effect is time related and fntensifies as the drseate
progresses. Moreover, the time course of the oid :dyz-j S0L is unchanged
relative to its.control.

The curves obtained for the room temperature data are also
included in Figures 6 and 7. ,An important characteristic illustrated
by these graphs is the general compression of response around the
100% level. At 37°C the post-tetanic responses are usually larger.

In Figures 6 and 7 the dyz-j EDL swings from control toward the

C57 SOL values, again tl]ustratlng their tendenc:es toward slowness

I3

The young dy2]- SOL swings toward “the C C57 EDL
’ Figure 7 |s also a compressed version of ;i;:;e 5. Here

dy2J EDL has made a larger shlft toward the CG57 SOL than had the

young dy2J EDL. Also here  the old dy 2J soL sh 5 a small tendency to
\\ .

speed up by approaching the C57- EDL values. ™

In summary the graphs have shown in a detailed mann%f some of the
tendencies of the different muscles and have verified that the post

tetanic decay of the mdscles proceeds with repfoducnbalrty

.

‘ . o, » e . .
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e. Duration of the Active State Plateau

i. [Introduction Fast and slow muscles nﬁrmajly have
characteristic differences ih gheir duration of active‘state plateaus
(DASP}, the fast muscle having a shorter DASP than the slow muscle. -
It was thought that a conversion of this proberty could be'poﬁsible

in dystrophy. The observed slowing of fast muscle could be in part

due to a prolongation of a portion of the active state curve, possibly
‘ |
the DASP, and this could reflect changes in the degree of activation

n \of this muscle,

1
‘.

ii. DASP in tHe Mouse Figure 8a,b contains two photographic
-' ‘ - l' " . . .
records of a typical DASP measurement in the mouse, The upper photo

[l

hd shows at a éwa sweep speed thle muscle contraction‘and its first

' “derivative. Superimposed upon this (and of greater ampiitude) is
b ’ ) ' .

the muscle contraction and its derivative resulting from £ pair of

closely timed stimuli.

The lower photo shows at faster sweep speed the point of

separgtien of the two superimposed derivatives. "The time from first
’:) deviation of the baseline to the point of separatién is considered
. A . .
"y to be the DASP, and this iis indicated on the photo:_ !

. Table 5 gives the values obtained for the DASP of the old C57 °
- ~

and dyzj'Fast and slow muscles at room temperature and compares
these values for sh%gnificance using the student!s t test. The DASP (\

values were measured .9t room temperature so that the contractions

-

. . Cone
would be slewer §ﬁd—fLereby improve .the accuracy of the technique. ..

‘
A
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.Figures 8a 6 b

* Typical photograph of lsometrlc contraction and first

derivative upon which Is superimposed the contraction .-
and deriviflgi resulting from two ;losely timed stimuli.

The lower photo taken at the faster (1 msec/division)
C57 EDL. _ / -

.8a

-+ (
- . N h .
+ T 5
-1 #
R .
I
. "
N 1 "1 .

3 ‘
1
; FS
A ' ’
.. N k -
8b C57 EDL
b o
"t qD -t ,1 oo
1msek $ 1
.iL nd ) \"'
- ¥ . .
) \ 1

" sweep'speed shows a typical measurement of the DASP lnﬁ\;\wa

[



TABLE 5

Duration of Active State Plateau at Room Temperature”in

———

Normal and Dystrophic Mouse Fast and Slow Muscle (a)

-1
s .

Muscle Description DASP : Significance Level
1. Old €57 EOL { 6) - 7.210.3
2. 0ld dy2J EpL (i0)- 7.420. 3 :)} }
3.-01d.c57 soL (7). 8.310.3
4. 01d dy2] soL (10) 8.210.3

. e

) £ ' T - . .ot

(a) Values are mean t SEM. Crossed vertical ‘bars indicate significance

at .the 5% level using the student”s t test. Values in parenthesis

are N=Number of animals.



-

Similarly old anfmalq were used so the changes, if ﬁrésent would be

. . \

85

-

fully developed.

g"

Table 5 shows that the normal EDL and SOL muscles are significantly

different, confirming previous reports that fast muscle has a shorter

DASP than does the slow muscle (rows 1 and 3). hy

The table also indicates that the dsz EDL is ngt.different4from_
control'(ron I and 2) and the dyzj SOL is bot different from control
(rows 3 and 4). This outcome is somewhat surprising in Ehg case of *
the EDL because the previous data has shown a chversiqn“of intrinsic.
musclé properties. In the SOL on the other hgnd, one might not
anticipate any change if indeed the hypothesis is correct. The

dyzj EDL and the €57 SOL are dissimilar (rows 2 and 3} as are the

dyZj EDL and the dy2j SOL (rows 2 and 4}, the dyzj-EDL values being

'smaller. This is not unexpected in view of the finding that the

control values were different from each other and that the respective

dystrophic values were not different from their tontrols. ..
-

To summarize the DASP findings, no indication of a change in this

property is seen in dystrophy..  However, the bulk of the data presented

thus far has indicated that there is a property shift in fast muscle

and basically ﬁo-change in the slow muscle.

Cne problem alluded to previously is that the mouse SOL is not a

-

pure slow muscle because of its large fast fiber content. Indeed, on

. the basis of fiber type content it would probably be more accurate to

call the SOL a fast muscle (see histochemistry section). Therefore it
would be necessary to examine a muscle which is composed of entirely

N LY
. -

g

»



. In this manner an attempt is made to reduce the 1ikelyhood of error

0 86

§‘dw fibers to illustrate how an ideal slow muscle should respond.

"The guinea pig SOL s such.a muscle and -this muscle was chosen for

this purpose. However, before it is poésigge to use the guinea

pig data as a reference for slow muscle several Sonsiderations7are
necessary. Of primary importance is the problem that the guinea

pig SOL is too large to stimulate direetly as can be done in the case

of the mouse SOL, and stimulation must be.carried out via its motor

Al -

nerve, Therefore.a parallel set of mouse experiments were carried

out using indirect stimulation to Investigate whether this form of

stimulation causes any significant changes in the muscle responses.

v

in such an intraspecies comparison and these results are presented

. next.

[a



Lk

B. Guinea Pig - o /J,_\\

a.. Preliminary Study of Indirect Stimu]affon in/Mouse Soleus

i. Introduction O}d mouse SOL muscles from C57 and dyzj
animals were stimulated indirectly. The following parameters were ~
examined for evidence of deviation from their directly stimulated
counterparts: 1. absolute tension 2. normalfzed ten;ion 3. CT
4. RT 5. PTP/PTD and 6. CP/CD. The muscles were stimulated at

37°C and at room temperature, the latter data are once again deferred

to the Appendix 4 with the exception of- the PTP/PTD time course of

decay curves. Data are presented here in Table 6.

i1. Indirect Stimulation of Mouse Muscle The absolute

tensions were not altered for C57. and dyzj SOL muscleé when indirectlé ?
stimulated, ﬁor were the normalized tensions. The CT and iRT'values
were faster in the indiréctly st}mulated €57 SOL but ihe-dyzj;SOL.
showed no change in these parameterg. The cause of this is not feadily
apparent. There was no change in the PTP/PTD response for the first
twitch post-tetanus. Figures 9 and 10 depict the time course of
decay éﬁ PTP/PTD in C57 and dyzj SOL muscles using both methods of_
stimﬁlation at both 37°C and at room temperature. From :::se figures
it is seen that indirect.stimulatIOn‘c§u5es very little change in the (/
pattern of response at 379C and has extremely limited effect at room’
temperature.

Finally, the CP/CD data show co%siderable change when indiréctly

. i
stimulated.® While the directly stimulated muscles display substantial

/
o S

4



v Effect of Indirect Stimulation on Normal and-:

Mouse SOL Muscle at-37°¢ (a)

TABLE 6 .

Dystrbphic

Physiological -

Indirect C57 SOL/

Indirect dy2d soL/

muscles. Asterisk denotes significance at 5% level using

sfudqnt's L test. RmT = room temperature

88

Parameter Direct C57 SOL Direct dyz-i SoL
Absolute 5.1% 0.3( 7} 3.2¢ 0.4 ( 7)
Tension (gms) 6.1 0.4{15) 3.4+ 0.3 (1)
Normalized 416.5+29.8( 7) 617.6263.3 ( 7)
Tension {gms/gm) 488.8+26.3(15) 564.1+42. 4 (14)
cT , 17.6¢ 1.0( 7)° 20.7¢ 0.9 ( 7)
(msec) 20.6% 0.9(11) * 20.6% 0.9 (14)
IRT 18.6% 0.5( 7) 25.6 2.2 ( 7)
(msec) 23.7¢ 1.1(11) * 27.6% 1.8 (14)
PTP/PTD 104.0¢ 1.6( 7) 105.7¢ 3.0 ( 7)
(%) 102.7¢ 1.8(10) 105.0¢ 3.3 ( 8)
RmT. as % 37°C 102.0¢ 2.5( 7) 97.5x 2.7 (7)
: X 88.6: 2.6(15) * 88.0t 2.5 (14) *
{a) Values are meaq t SEM, numbers in parenthesis are numbers of
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€D the indirectly stimulated muscles show virtually Ao change due to
temperature. This may be Interpretéd ag a swing toward faster
characteristics in indirect €57 SOL at least, is consistent with the
observed faster CT and #RT. The dyzj SOL ‘'does not however show a

CT and IRT sp'eedlng concomitant to the faster appearing CP/CD

response. The cause of this is unclear.

s
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h. Physiological Study.of the Guinea Pig Soleus

T. Introduction Since thé guinea pig soleus is a true

-

slow muscle it was thought that it could provide a useful reference
from which one could base comparisons about the degree of slowness
of the mouse muscles studied. If the pﬁysio]oglcal and histochemical
data'asqulred from this muscle are.také; as the extreme of slowness
then ;he closer the other muscles approach this data, the ?lower

are their propertieg._ This type of comparison is necessary because

of the apparent lack of any true slow muscles in the mouse from

which to guage slowness.' -

ii. Guinea Pig Soleus Properties Having considered some of

the factars necessary for the intraspecies comparison, Table 7 gives
. 4
the physiological data obtained at 37° from_eight guinea pig muscles.

The room temperature data are given in Table 8.

Using the student's t test there was ne difference between éz;

pre and post-tetanic CT and the pre and post-tetanic ¥RT values.

As well thg CT and iRTcgglﬁes were significant{y faster at 37° than
at room temperature so that fables were not included to compare this
inforation. Table 7 shows that the guine§ pig $SOL weighs about
200mg at 6 weeks of age, develops about 28 grams of absolute tension
and.lSOgms{gﬁ of normalized tension. There is.a very strong cooling
depression and this was not seen to such a great‘extent in the mouse.
There is'aont 10% PTD whfch is considered to reprefent the normal

- i

slow muscle response under the given conditions (see discussion).
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TABLE 7
Physiological Characteristics of Normal 6 Week Old Guinea

Pig Soleus Stimulated Indirectly at-37°C (a)

Physitlogical Property Numerical Value
1. Muscle Weight (mgms) ©206.2420. 4
‘2. Absolute Tension (gms) T 27.8t 2.1
3. Normalized Tension (gms/gm) 143.7425.0
4. Tension at RmT as § 379C 56.8t 0.9 '
5. PTD (%) ' - ' 9.4z 2.5
6. CT .(msec) : 5L.0% 1.4
7. #RT {msec) . 40.9t 2.0

(a) Values are mean % SEM, N=8Number of animals. The post-tetanic

e
CT and }RT values are not significantly different from pre-
: #

tetanic using 5% level student's t test. RmT = room temperature.

92
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TABLE 8

"~

Pig Soleus Stimulated In¢tirectly at RmT. (a)

Physiological Chéracteristics of Normal 6 Week Old Guinea

S

Physiological Property

Numerical Value

FS " 1. Muscle Weight (mgms)

2. Absolute Tension (gms)
3. Normalized Tension {gms)
4. PTD (%)

5. CT (msecf

6. 3IRT (msec)

206.2420. 4
16.3% 1.1
80.8£13.9
99.5% 1.0
103.6 3.5
85.0t 3.9

(a) Values are mean * SEM, humber of animals = 8.

ke
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Thq‘CT and RT are greatl!y prolonged in relation to the mouse‘SOL“
and this Is partially due to the lafger IIne§§ dimensions (see
discussion sectlon). !
. Figures Ii & 12 compare fhe time éourses of PTD decay of the guinea

pig SOL with the decay of PTP‘response'of the C57 mouse SOL at 37°¢C
and at room temperature. The two plots initially start at different
]eveI; but mefgé with each other é; fhe curves’ decay.

Table 8 contains the physio]ogiéél data for guinea pig SOL
obtained at room temperature, In comparison to the 37°C data there
is a striking Increase in CT and iRT vafhes. There is léss PTD éo
the extent that the post-tetanic tension is not different from the
pre-tetanic tension.

In summary, the guinea pig SOL characteristics as shown here
represent properties of a true slo# muscle. These properties will
be ﬁsed as a bench mark to-?ank othert muscles for slowness in the

following section:
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Figure )1 7
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mouse C57%S0L apd in normal 6 8 week old guinea pig SOL
at 37°C bt i

S10M
5

Indirect guinea pig-SOL, n=8 = .

G

Indirect C5¢ mouse SOL, n-lo = O

O ¢¢¢¢‘5¢¢—¢#¢~¢¢—

J4C TEN

o
-O-
-0

"‘11 OF pRE‘-LLi.‘\'

TIME POST-TETANUS (sscouos)

‘5'7,5—20—5 B80T E—05 00 T T2 300555~

-~

& . Figure.l2
Time course of PTP/PTD decay in old indirectly stimulated
mouse €57 SOL and in normal 6-8 week old guinea pig SOL
at room temperature. .

ol

©IANIC TENSIQON
E

lndirect guihea pig SOL, n=8 -.

104 » | Indtrect €57 mouse soL, n=1l = O
‘;02 Xy '
LY S o
E | / et

110 120 300 600

TIME' POST-TETANUS (SECONDS)



o

+ . ’ 96

c. Physiologital Ranking of Mustles for Degree of| Slowness

i. Introduction Since it does appear that Bgowing occurs

in the dy?J EDL and the old dy2] SOL is slowed slightly, an attempt
Is made here to quantify these changes The muscles examined have
a spectrum of physiological propertles assoc1ated with muscle “speed'.
At the extremes, the €57 EDL is a fast muscle while the guinea pig
SOL_IS a slow muscle. But, the €57 soL, dsz SOL and dy2J EDL show
intermediate tendencies. Using the €57 EDL and guinea pig SOL as
end points the.muscles were fated on the basis of eeveral par;ketric.
and n-on-‘parametric variables for degreeoof s lowness. | In th_i‘ﬁ manner
it'becomes clear that the C57 SdL }s phygiologicglly only intermediate
in terms of slowness (further corroborated by hsstoohemlstry)
Addltlonally, the dy2j muscles have a slower nature than their control
counterparts :

1t should be emphasized that the properties chosen to judge muscle
speed are not necessarily all of the same merit._'Obviously the CT
and 3RT are the best‘and;most basic properties examined while some of
the other's may reflect more subtle aspecte of the neture of these

muscles. The problem is complicated also by the different sizes. of

fiber type populations in each muscle type.

) - —

ii. Ranking the Muscles The muscles have been analysed

. . -4
in four ways to give an idea of how they rank in terms of degree of

slowness. These are: l.l.table of means t 96% confidence intervals,

-—

2.* ranking (1-5) by means, 3. - t testing, L, analysis of variance.
’t;Table 9 lists the properties examined in this study which are

| \

-



TABLE 9

Physiologlcal Propertie_s, Associated With Muscie Speed in "’

_ - : Various Categories of Muscle (a)
9 \/\g | | |

Physiologﬂ%él , 0ld €57 0ld dyZJ_ 0ld ¢57 0ld dyZJ 4-6 week

Property EDL EDL soL soL G.Pig soL

CT at RmT 20.3%3.0 34,6+ 6.7 ° 33.423.2 38,4t 4.9 103.618. 3

#RT and RmT 15.0£2.8 ° 50.8£21.7  45.648. 4 64.1413.3  85.0%9.2
\ - CT at 379¢C 8.1%0.9 19,3% 4.3 17.6%2. 4 20,71 2.1 54,0%3.3

¥RT at 370C 7.8%0.9 24,4t 8.3 18.620.9 25,6t 5.2 40.924, 7

Tensicn at RmT

as ‘% 3179¢ . 143.554.9 98,61 4.5 88.6+2.6 88,0z 2.5 56.810.59

First Twitch PTP/ ) ,

PTD at AmT 113.645. 4  93.1% 9.7 96.213.8 106.6% 6.4 99.65+2 &

- First Twitch PTD - 3
at 379C . 151.126l9  105.2416. 2 104.0+3.8 105.7¢ 7.1  91.415.9

DASP at RmT ‘} 7.2%0.7 7.4 0.7 8.30.7 8.2+ 0.7 Not Avail.

] < . ‘ ’

(a) Values are mean t 95% confidence interval. RmT = room temperature.

LY
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considered 'to be representative of muscle.speed and displays the

. data obgéined'for each of the muscles studied. ‘Here the 95%.
confidence interval was used to provide a partjcularly stringent
”“\\ﬂ,_JcFiterion for visual evaluation bf‘sign[ficapt diffé?gnces. it
o is assumed‘that the degree to which the iﬁtgrmédiate speedAmysc\es
- approach either the ideal fast or slow muscle data is an indication of
- their relative tendencieﬁ. Table 9 shows the fast muscle properties
" of €57 EDL to consist of a fast CT and 3RT, a strohg.CP; a sfroéé PTP
and a short DAéP. The slow properties of the guinea pig SOL.are
the opposite of thos;_Euét described.’
" the musclestﬁxaxheir means in order of sléwness

SRR
from 1 to 5, 5 being.the siowest score. The

Table 10 ran

g\) by ‘assigning a valu
) o

respective standard err

are not considered here and the table is

presented merely to ghve ﬁon-parametric pe}spective of the tendencies.

The C57 SOL has several values thch rate at the fast end of the scale, -
" The dsz EDL ranks 3rd slowest on seQeraI-of the properties,

Table |11 uses student's t test to examine pertinent muscle

comparisons. Several interesting points arise here, in pa}ticular

the finding that for most properties the dyzi/EDL has slowed to_ihe
. 4

point that it is indistinguishable from the C57 SOL. .

-

“The C57 EDL-is faster than the t:lyz-i EDL on all but one criterﬁml.'

The C57 SOL was faster than the dyzj SOL in the CT'and iRT parameters
only. Finally, the djzj EDL was npt significantly faster than the
» - - .

dyzj SOL in any property examined.

by

e



Ranking by Means For Degree of Slowness .in Certain Muscle

TABLE

10

. Types (a)

Physiological 57 dy2J 57 dy2] G. Pig
Property EDL EDL SOL SoL SO0L
CT at RmT i 3 2 4 5
3RT at RmT ! 3 2 4 5
CT at 379 ] 3 2 . 4 5

- $RT at 379C ! 3 2 4 5
Tension at RmT .
as % 379 I 4 2 3 5
First Twitch PTD .
at RmT \ ! .3 i 2 5
First Twitch PTD . .
at 379 1 3 b 2 .5
mean (x) 3.1 2.6 3.3 5
Std. Dev. (S) 0.4 1.0 1.0 0
Std. Error Mean -~ : .
SEM 0 0.2 0.4 0.4 0

(a) Rankings are from 1-5 where § ?l/{he slowest rating and is
ajways assumed to be present in the guinea pig soleus.

RmT = room temperature.

P
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TABLE It .
Comparlson of Physiologica} Propertqes Associated wlth
¢+ * Muscle Speed by Student st Test in Various Mouse Muscle

Categorles (a) {b)

. i . ‘ .
R ) i (b (0) - 95 . (B)

-~ Physiological _ C57 EDLy,. dy*J EDLy €57 sOty dy“-" EDLy

Property Cdyd el ces7soL - 4y osoL ay2d sgL

CT at RmT < .00]1 { NS < .05 NS

¥RT at RmT < .00l . NS < .0l - NS

CT at 37°C << . 001 N < .05 NS

3RT at 37°C <., 001! "N * < o0 : NS

Tension at RmT ' ; :

as % 37°c < .00} 5 NS NS

First Twitch PTD : TN

at RmT - < .02 NS NS NS

First TWItCh PTD

at 379 < . 001 NS NS ‘ NS

DASP at RmT : NS < .05 NS NS

.

(a) Significance far student's t test set at 5% level

(b) x means: Faster than

RmT = room temperature.
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Table 12 is a final attempt to show how thése muscles rank with
respect to slowness. It invglves the use of a series of four 2 x 7
analyses of variance in which all the .test criteria from each muscle
type are evaluated in terms of their simi riﬁfzo the data from
true slow muscle, the guinea.pig soL. .Ah e valﬁé_ié derived for -
each muscle which is a measure of how closely all of the prope}ties
of slowness for that particula} ﬁuscle approach those for thé guinea
pig SOL. In column 1 since the''F''value is large the C57 EDL is
quite different from the guinea pig SOL while the C57 SOL {column 3)
and the dyzj SOL (column 4) show progressively more similarities.

The deJ EDL gives the smallest "F'" value and would thus appear

to resémbqp the guinea pig SOL the most closelyg This however is an
artefact’ caused by the large standard\én{or éf the va}iousitests‘in'
this muscle. Since there was a Iérge spé?ad of data for the dyzj EDL
this has artificially caused it to appgar)similar to the qPinga pig SOL.
From the preceeding information it is clear that 1. the C57
EDL is the fastest muscle, guinea pig SOL the slowest, 2. (57 EOL
is only intermediate between these, 3. the dyzj EDL has slowed until
indistinguishable from €57 SOL, 4. the dy?} SOL slows slightly and
5. the €57 sOL, dy2j SOL.and dy2j EDL properties show a considerable
overlap. |
It is important to note that the qld'dyzj SOL might be seen as
being spared from the viewpoint that its slow properties are preserved

to some ‘extent. However this is peculiar if one considers that the

histological damage is more severe than in that of the.young-dy2j SoL

{personal observations).
i



TABLE 12
Four,2 by 7 Analyses of Variance For Properties Associated

With Muscle Speed in Mouse Muscle and Guinea Pig Muscle

~

. A .
\ N : . . . v
- ] 2 3 4
Statistical 6.Pig SOL  G. Pig SOL G. Pig SOL G. Plg SOL
. . -
Pagameter C57 EDL dy2J EbL . €57 soL dy2J soL

Sum |of Squares

255758.3  50934.2 65549.2 66675. 1
Degrees of Freedom 1 ] }

i B i ep I o}

Mean Square A 255758.3  50934.2  65549.2 66675. 1
F 1640.1 94,7 329.9 225. 4
c| _ ‘ 0.340 25580.3 32813.8 9008. 2
6, 6 6 6 6
Ml 0.056 4263.4 5468.9 1501.4
F 0.0 7.9 27.5 5.1
C 0.06 2609@.] 32851.0 9002.0
6. ap 6 6 6 6
M- 0.1 4349.,0 5475.2 1500.3
F 0.0 8.1 27.6 5.1
C 13878.4 46262.9 17881.8 2485].9
Gl-Within Cells 89 86 90 84
M 155.9 537.9 198.7 295.9

(The "F*' values in "A" indicate the Qignificance in terms of differences
with respect to the guinea pig SOL. The values are ordered (degree

of slowness) except for the dyZj EDL. This occurred because the
.numérical values entered in this test, for dy2j EDL, were quite
varjable). 1ie 1640.1 for C57 EDL column indicates C57 EDL is fastest

muscle tested with respect to guinea pig SOL etc.

102 | M
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The young dsz-SOL has actually speeded at 37°C (but not at room
temperature). On this basis It Is also difficult to say that the

slow components have been spared.- From the physiological evidence it

would appear that the SOL does not strictly adhere to the hypolhesis

of B}ust. The EDL behaves in a manner which is consistent with
the hypothesis in that it is progressively slowed with age. -
To further investigate the problem a histochemical study was

carried out and this is presented in the following sectiaon.

-~



2. Histochemical Study

A, Intfoduction

v

The physiologlcal data have shown that several characterlstac

Mouse and Guinea Pig

fast muscle propertres are shifted in the dystrophic mouse toward
~ some of the‘prOpertres of slow muscle. Furthermore, the old mouse
SOL which is;nét a pure slow mquﬁe becomes even slower. These
occurrencescan mean that either there is a generalized slowing of
all muscle fibers in _dystrophy or there is a selective loss of the

fast fibers leaving the slow Flbers to determlne the contraction

characteristics.

*

In order to arrive at a more specific conclusion as to the actual
cause of these physi0109ica] observations a histochemical study was
undertaken on the fiber populati;ns of the 4 week old €57 and dyzj
SOL of the mouse’ and the § week old norﬁal‘guinea pig SOL.

'Y

B. Histochemical Fiber Typing in Normal Mouse

The histochemical reactions had to first be established in the
normal animals. Three stains were used for this purpose, a morphological
stain' (HEE) and two fiber typing stains (NADH-TR and the alkali-stable
myofibrillar ATPase stain). By staining adjacent serial cross-sectjons
§ fiber types were found in the four week mouse. .These fibers. have
been termed Type I, Type I,y and Type "g]yc and their staining |

pProperties are listigain Tabie'IB. These fiber types are pictorially

presented in Plates | to 3 and the typing system is described below.

104
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TABLE 13

Histochemical Staining Reactlons of the Varlous Fiber Types

in C57 Mouse

—

3

Histochemiéal ' Staining Intensity

Stain . Type | Type llgxidative TYPe Ilg]ycolyf}c
Hematoxylin and ¢ Blue-Nuclear Blue-Nuclear Blue-Nuclear
Eosin " *  Red-Myoplasm Red-Myoplasm _ Red-Myoplasm
NADH-TR¥* intermediate Positive = Negative
Alkali-Stabler : , .
Myofibrillar ATPase Negative Positive Intermediate

¢ This stain is used as a morphological stain.

*# These stains are used for fiber typing.

105
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Plates 1, 2 and 3

rs
I
3

Fiber Types in C57 Mouse

LR

HEE stain

Plate 1 100x
plkali-stable
myofibriltar

Plate 2 ATPase stain

100x

NADH-TR Sta{n

Plate 3 100x *
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"Since. it is known that the HEE stain colours .the sarcoplasm red and

the nuclel blue this stain was useful in detecting abnormgl morphological

features such as central nucleation. Occasionally the HEE stain will

crudely outline different fiber types since the Type | and Type P
fibers can stain darker than the Type Ilg];,c fibers. )
The blue NADH-TR diformazan salt stains in a more granular.

fashion and this leads to a general ly less homogenous particle

distribution. The Typé MNox fibers stain the darkest blue and

IE

normally have a .very intense blue rim due to heavy staining‘of the
subsarcolemmal region. _

The Type | fibers stain less,intenge%ﬁ“é;d’have a more evenly
distributed salt deposition. The'TYPe_liglyc fibers stain witH the
least intense biue and are relatively‘homogenou§ly stained.

The alkali-stable myofibrillar ATPase ifain differeqtiates 3
fiber types as well. The stain itself results in 5 brown colour of
various intensities. As with the NADH-TR stain the Type rlox
fibers stain the most intensely yielding a homogenous 1y distr}buted

strongly positive brown reaction product. The Type I'glyc fibers

stain less intensely, but equally homogenously as an intermediate

-brown colour. Finally the Type | fibers stain negatively and this is

homogenous ly Histributed.

While W.K. Engel prefers the ATPase stain alone for .fiber typing

the system used here employs the combined NADH-TR and ATPase stains

for definitive typing. | would say however that the ATPase stain is

by far the more precise of the two stains due to the relatively

\

-
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_uneven staining pattewn EEen with NADH-TR. This Introduc?s a greater
'.degree of Eubjectivity into the typing pro;e@ure. Engel also suggé;;s
;hat.the ATPase stain is ;ble to retain its typing specificity best
under pathoiogical conditions. | have come to the same conclusion.
and have fo&pd that the NADH-TR stain afforded no advantages in
typing yoﬁhg dystrophic tissue. Consequently the fiber typing is
based on the ATPase reaction alone. In fact, only young mice {3 weeks *
3 days to 4 weeks 1 day) @er; used in this typing study because even
the hardy ATPase stain loses its speéificity as dystrophy continues
past this age. For instance, thefe is no guarantee that one éqyld
confiﬁently type fibers in a 5 week old dystrophic. ?The reaction
product generally blends so that all fibers stain similarly in the
advanced stages, and there are many gradations of‘staining intensities
in the middle staées of disease. S

Consequently, typing had to be done at the instant in time when
the muscle was just beginning to show histochemical signs of disease
but not to the degree that it rendered the Fjbers untypable. Part
of this study involved finaing this transition ;oint.

The complete iptact SOLS were examined in 10 C57 and 10 dyzj.
mice of approximately h weeks of age. -IE was found that the C57 SOL
normally, contains only Type |1, and Type | fibers however occasionally

a handfui of untypable fibers were present as well.

§
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C. Cr:ter|a for Comparison of Fiber Type Populations in C57 and in
dsz Mice ,4\ . . K

Since Tn the dystrophic anlmais a varlety of’ abnormaiities'
occur which are not normally seen in the controls special categorles
had to be devised so as to insure the inclusion of all normal and
abnormal muséle features. It must be ehphaslzed however that there
are some abnor@éﬁ#ties at a basal level even in the nof%&l anlmals and
it is reasonaﬁje to expect a small percentage turnover ;f fibers és
a normal conditioﬂ. Algq: as | pointed out earlier, some of the
“"normal'' animals may actually have been heterozygotes and this could
potentially have Increased 'the basal levels of abnormal fibers to a
smal} degree,

The category definitions decided upon for the purpose of fiber
type classification consist of 4 major groups'each with a subgroup '
as shown below. Each category is represented ;n the HEE and ATPase
photos shown in Plates &4 and 5.

1. Total Type Flox = Those fibers staining dark with'the ATP;se
stain. Can be any size as long as they are recognizable

as a fiber and not as debris, connective tissue ete.

2.5 Type lox (€} - Those fibers of group 1 with central nuclei as
{ .

judged by the HEE stain. .

3. Total Type | - Those fibers staining negatively wIEp the ATPase

P

stain. Can be any size as long as they are recognizable

as a fiber.

109
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. Plates 4 and & ‘

Fiber Type Categories in 4 Week dyzj SOL of Mouse {

Plate 4

-

HEE stain
100x

alkali-stabl
/1 myofibriltar

Lt L
q ATPase stair
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L. Type | (C} - Those fibers of group 3 with central nuclei as

judged by the HgE stain. 4

5. Abnormal Staining - Those fibers which stain .intermediate
~

T
between those of groups 1 and 3 and thog&ﬁfibers which

stain unevenly as judged by the ATPase stain.

6. Abnqrﬁal'Staining (C) - Those fibers of group § wlth central
/

é nuclei as judged by the H&E stain.

7. Abnormal Structure - Those structures of unclear-identity due

to very small size, peculiar shape, texture etc as judged

. by the ATPase stain.

-

»
to have a central nucleus as judgediby the HEE stain.

G
't should be noted that each subgroup category (followed by

the subscript C) as in Type Ilox‘(C) refers to a group of fibers

e
already counted in the major group heading (Total Type 1lgy).

Since centrally nucleated fibers are considered diseased, in oraer to

calculate the -number of healthy fibers, one would subtract as follows:
E

(Total Type Hox - Type Ilo;h(c) ). Likewise to calculate the number

.of'healthy Type I-gibers one would subtract as follows: (Total Type

I - Type J (€) ). _ o

The primary point of interest in this study is whether the fibers

can bg classified as healthy or unhealthy. A fiber is considered

unhealthy if it has a. a central nucleus, b. abnormal staining

L

——

<
/
/o

N

8. Abnormal Structure (C) - Those Structures of group & which appear

T~
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properties, ¢. is of abnormal structure‘of, d. ény combinations of
the above. ' ‘.
The values ob@ained fér €57 and dy2j mouse and guinea pig by

Tables 14 and 15.

direct counting and by calculatiQns are give
Tablé‘fs shows éummarized, calculated inforglation defived from the
actual counts shown in Table 14. Table 14 contdins rather detailed
information directly from thg fiber counts. The purpose of this
detail was to hopefully‘better elucidate the sequence éf events

P4
involved in the destruct‘on of the dndividual fibers.

b. General Comparison of C57 SOt and Guinea Pig SOL

A perusal -of Tables 14 and 15 reveals that the C57 SOL contains
only 26.2% (2#0).healthy Type | fibers and 71.5% (654) healthy
Type 114, fisers. This gives a Jloxllrat;o‘of 2:8. If as jj
assumed, the Type | fiber is the slowlfiber ahé ok is the fagt
fiber, :then we readily see that the €57 SOL (4 weeks) is Ey no means
.2 pure slow mﬂsc]e but it does contain suffFﬁTeq slow fibers to
prévide it with some.slow muscle properties. This would account for
the observations of physiological properties as examined above.

. ’

It is of interest to consider the findings of other authors.
Sushella et al (1968) examined a single cross section of normal
3-4 month old SOL in which they counted a total of 87 fibers. They
found 30 were “fype I (probably similar to the Type | fiber; here)

and 57 were ”Intermediate” (probably the I]ox fibers here). This is

to say their sample contained 34.5% Type | and 65.5% Type Loy

~



TABLE 14
Detailed Fiber Type Counts For 4 Week 01d C57 and dyzj

Mouse Soleus and 6 Week 01d Guinea Pig Soleus {(a)

-
Category Histochemicai ¢57 (10) dyzj (10) G. Pig
Category (b))
w

1. Total Type | - 240.5% 7.4 176.0%10.2  (100)

27 -Type le 1.7% 0.4‘ 3..111 1.1 -

3. Total Type llgx | 659.0£17.1 445.0818.7 - (0)

y, Type 1lox c T 5.1£ 0.8 64.6%10.3 -

5. Total Abnormal Sta.inj 5.8t 0.9 ‘..82.1;1;\0.6 -

6. "* Abnormal Stalng 033 0.2 389t 6.9 -

. 7. Total Abnormal Structure 5.3t 0.9 | 63.7t 8.8 -

8 Abrormal Structure. 1.3 0.4 24.0t 5.2 -

'(af?MOUSe values are mean-t SEM, (n=10). Guinea pig values int

parenthesis are percents, {(n=b)}.

-
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TABLE 15

Summary of Calculated Histochemical Population Values For

b Week 01d €57 and dy>J ‘Mouse Soleus (a) (b)

Calculated @) 57 dy2J Populatién'-
Information - 'i Mean + SEN|Z ©F IHean + sen 3 of Change (%)
Total Fiber PopE135£9A 914.5£20.6/100.0| 767.1+22. 4| 700.0| "16.1(147)
Total Unhealthy E?ber_Popl. 20,4 1.4 2.3 214.1416.0f 927.9 1060.0(133)
Total Heaithy Type llg, | 653.8+17.3| 71.5/380.5+12.8| 49.6 | ﬁl-B(i73)
'#otal'Hgalthy Tyﬁe M- 239.3% 7.4 26.2|172.5¢ 9.9 22.5 27.9( 67}
Healthy 11y, /1 - 2.8t 0.1 = 2.3t 0.2| - -

\

| N\

(a) The €57 and dy?‘-j healthy Type I1,x/Type | ratios are sig}ificantly

different at the 0.025% level using a student's t test.

(b) vValues are percents, values in parenthesis are numbers of ??Ez?s.

Number of animals

&

114

10.¢57, 10 dy?J,

~
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Likewise, Dribin and Simpson (1977) counted about 100 fibers?muscle.

in 10 muscles at 2.5 to 5.5 months of age and averaged 60.2% T‘red"

(Tyee Ilgx) and 38.6% "intermediate" (Type 1) per SOL« The above
andings both show a greater number of Type | fibers than | have founi
and there are at Ieast‘two explanations for this. First of all, as
prevnously mentioned it is possible that there is an age related Shlft e
in, fiber. type populations since an increase in Type | fibers with age
has previously been reported in other species (Kugelberg 1976). Since ,

these experiments were performed on older mice this fits well. In
addition; these authors sampled at most only 1/10 of the Qhole muscle
fiber population, whereas | have counted all fibers. | have noted in
my counts that the fiber type dietribution is not a unfform checkerboard
mosalc but rather contains areas eﬁ/hlgh density for a single fiber type
so that if a single small sample wer; eoqwted this could Ieaq to

inaccuracies.

¥
| have since attempted to resolve this issue by quickly examining

two; 25 week old C57 mouse solei: _l found in these muscles which containe
‘an average of 8§I fibers: 57.8% Type | .
: 39.9% Type 114y
2.3%.Unhealthy
This flndlng appears to fit n:cely with Kugelberg s observations.
Sushella and Drlbln and Simpson found somewhat fewer Type ! fibers in
their mice than 1 have. Since my 2% week old mice were at the top end
of the age range that theQ\used it would appear that the flber type
conversion haé proceeded to a greater extent, and this may account for
the greater number of Type 1| fibers found here.

Table 14 shows that the guinea eig SOL which is a pure slow muscle

is composed of 100% Typel fibers. These data are derived from the °

com
L
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visual inspection of 4, 6 week old guinea pig.solei in which it was
clear that tHe fibers were uniformly Typé'l. Plates 6, 7 and 8
show photographs of a representative field in one of the SOL muscles
examined. Thus, it would appear éh?t the percentage of slow fibers
may determine the degree of slowness éf a muscle since thfs muscle
also contracts very slowly, and the old C57 SOL contracts slower
than the young C57 SOL.

It was found in the €57 SOL that 2.3% of the fibers could be
classified as unheal thy according to the given criteria.

/

E. Comparison of €57 SOL and dy2j SOL

When the €57 and dyz-i SOL muscles are compared, Table 15

ongngsees firstly a smaller overall fiber population by 16.1% (147)

in the dy OL. Moreover the unhealthy fiber population has jumped

markedly by 193 fibers.

The most important.comparISOn however, has to do with the shift
in proportions of healthy Trpe | and Ilox fibers. Whereas in the
dyz-j the Type 11, fibers have dropped by 42% (274), the Type |
fibers have dropped by only 28% (67). When the heatthy 11_ /1
ratios‘are compared in the C57 and dyzj (2.8 and 2.3 respectively)
it is found Fpat the:llox fibers have decreased significantiy more
than the Type | fibers ysiT?'the student's t test. Significance was |
also confirmed by the usé‘gf a Chi square test.

This then is evidence that while at the four week agﬁﬁthere is
definitely a loss of fibers from both healthy Ilgx @nd | pools, there
is'a greate{?detrimental effect upon the Type llox fibers than upon

the Type | fibers. '



117

Plétes 6, 7 and 8

Fiber Type Composition of 6 Week 01d

Guinea Pig Soleus (100% Type !}

————

HEE stain

Plate 6
i 100x

alkali-stable

Plate 7 myofibrillar
ate

, ATPase stain

100x

NADH-TR stain
100x

Plate 8
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This information correlates with the physiological findings for
the old dy2j SOL but not ﬁecessarily for the young dy?'-i SOL since
we do see a slowing {n the old dyi? SOL but a speeding in the young
dyzj SOL. Since the Type | fiber is currently thought to be a slow
fiber, and if the onlyreffect of dystrophy is to increase the
proportion bf healthy Type | fibers relative to Type |1 fibers, then
one might expect a slower whole muscle contraction. In other words
the con;raction would be governed to a greater extent by the slow
fibers and therefore the contraction would appear more like that
gf a pure slowmuscle such as the guinea pig SOL.

Since the Type | fiber is spared in relation to the Type I[ox
fiber in the 4 week mouse but the contraction speeds up, it would
appear thét another superimposed factor hust be iﬁvolved to cause

these changes apart from a simple fiber type -ratio change.



CHAPTER. |V
\ .
P
p
DISCUSSION

\
|

In this section | will address the data in approximately éhe
same ordér as they were presented in the results section. Here
attention will be drawn to the findings of other workers, possible
sources of error and to potential future directions. As well, an
effort is made to integrate the physiological and histochemical
data and to draw conclusions about how dystrOphy has affected the
parameters which | have studied. .

The .results have shown firstly that the dystrophic mice
exhibit a decrease in developed absolute tension and in muscle weight.
In the ReJ 129 strain of mouse Eﬁis is Erobably fhé defect of dystrophic
muscle most commonly reported in the literature 4€andow and Brust 1958,
1962, Brust 1966, Douglas and Baskin 1971, Taylor et al 1971, 1974,
Hofmann and Ruprecht 1973 and 'Sabbadini.and Baskin 1976}.

F There is a relative paucity of data regarding this in the dyzj
strain of mouse but several authors have come to similar conclusions
(Hifonaka and Miyaté 1975, Harris and Montgomery 1975 and Parry. 1977).
It is importa&t to_néte from the onset however that excessive
extrapolations between these two strains may be dangerous since the
etiologies of the diseases may be different (Parsons 1974).

In this study the relative weight.loss in both the young and the

old groups of dystrophic soleus was greater than in the EDL groups.

-
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This would seem to detract from the general hypothesis that the
soleus is less detrimentally affected than the EDL.

One other peculiar finding was that the normalized tensions
are actually greater in the old dystrophic fast and slow muscles -
than in their control counterparts, The young dystrophics on the
other hand show a, decreased normalized tengion in relation to their

Lcontrols. This wd@ld sugdest that the dystrophic muscles actually
became stronger on a grams tension/grams wet weiggt basés as tﬁe
disease progressed. This observation has not to the best of my
knowledge been previously reported in the literature on the RelJ 129
strain of mouse and generally there is a reduction of normalized
tension concomitant with the weight Ibss. This.latter situation
would also intuitively seem more likely to occur.

Ve

in the dy2j strain the literature has been more difficult to

' °

summarize due to'incoqsistencies in data presentation and muscles
studied. However, Harris and Montébmeny (1975) found a decrease in
gm/gim tension in anterior tibialis, a fast mdsclq from mice of 2-3
\‘//) ' ﬁonths of age. Another study_(Parry 1977) exaﬁined the SOL and EDL
. P :
muscles of mice of the same age groups as in this study. .It was
found that the dystrophic EDL showed progressively greater decfements
in normalized tension with age whereas the young soleus showed no
change. However, the old soleﬁs-did show-a significant.decéémentf
Goldspink and Rowe (1963) pointed out that in.addition, to a
decrease in sarcomerés per fiber there ére also fewer fibers in the

Red 129 mous? and noted that the dystrophic muscle has a much greater

J
S

a
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fiber diameter variation than does normal muscle. They suégesy
that this may possibly be due to the fact that the reduced fibér
number may meaﬁ less competition for metabolic supplies for the
‘remaining fibers and therefore may explain the fiber hypertrophy
since normal size limitations may no longer aﬁply. In view of these
major alterations in fiber structure and integrity it is poséibfe
that this will be reflected in some form in the normalized tensions
of the muscles.,

I In addition, the normalized tension data does not preélude the
possibility that the dystrophic musc]es'are activated to a greater
degree during a single twitch. This Qould mean f&r‘1nstance an
increased twitch tetanus ratio. However, since the tetaéic
tensions were not recorded this could not be verified.

Another possible but unlikely explanation for the normalized
tension data is that an error Qas systematically incorporated into
the study‘dealing with the déstrophips and rendered then Fa]se]y
high. For Pnstance since the old dystrophic muscles weighed the’
least ;f all muscles studied they could possibly be the most susceptible
to dehydra;ion. Thus even if a similar time was taken to blot and
weigh these muscles as was done for the controls théy may have lost
proportioanﬁly more water. _This could have tHe effect of increasing
their norﬁalized tensions.

Thus, whilé the soleus would not appear spared from the point

of view of weight loss it does do relatively better than the EDL

from the point of view of absolute tension loss. As well it was

-
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seen that the normalized tensions of dystrophic muscles increase

with age relative to the controls,

The data obtained on the speeds, of contraction have clearly
shown a slowing of dystrpphic_EDL and this is-more prominent in
the older mus@les than the younger ones. This suggests that as

the disease advances the effect of "slowing" becomes progressively

. more pronounced. Both the CT and the %RT are prolonged, the IRT

b1

to the greatest extent.

Evidence has been accumulating that alterations occur in the
SR and it has been suggestéd that the observed.reduceq capacity for
Ca+2 uptake is attfibutedEto the proiiferation of membranes in the
junctionalﬁsﬁd tubular sércomere regions of the dystrophic muscle
(Scales et ai 19775: This may explain the observéd siowing. They
further‘suggest that Fhis‘accounts for the.altéred excitatiqn-
contraction coupling. Likewise, it has_been‘suggested that the
observed abnormal membrane-lipTd.composftion of the SR may account
for Fhe mechanical alterations of dystrophic mu;cle EMrak and Baskin

\
1978) .

L]

JIn the old dystrophic soleds the CT is not changed but the iRT
is prolonged. This may be interpréted;as‘a.relatiVe sparing of the
slow comp?nents of the muscle. However, in the young dystrophic
soleus both the CT and ¥RT are actually speeded which is contrary
t;\tve argument that slow broperties are spared. Presumably a
speeding of the young ayzj soleus can mean that either the slow

components selectively drop out (or become faster) or that there

=
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could be a generalized speeding of allicompongnts. This involves
the assumption of the current view that the contraction time
parameters are~controlled- by the f}ber types present.
. One other possibility not yet discussed is that the time
course of maturation of the dyzﬁ SoL may be altefed} We have seen
that C57 SOL normally slows with age. Perhaps in the dyzj SOL
there is a maturation lag at first which is followed by a small
- overshoot as the muscle ages, |
Other workers ;;amining fast and slow muscles have considered
the SO0L. .Brust (1966) working on in vitro Red 129 muscles found no‘
. :change in the IRT of 3 month old SOL. Likewise Douglas and Baskin
| (1971) wo}king on 1-12 week old SOL found only slight changes in
its time parameters. On the other hand Brust (1966} found the fast
gastéocnemius'&RT doubled in dysfrophy, Douglas and Baskin (1971)
noted an increase in.the ¥RT of EDL but no change in CT and Sabbadini
and ﬁaskin (1976) found an increase in 4RT but a decrease in CT of
6-7 week old EDL. & . :
- Hironaka and Miyata (1975) worked on the dy2j EDL and found
an increase in CT and in %RT which was magnified with age as wé;e

the results of this study.

Thus the presently observed slowing of dystrophic EDL is consistent“

with the findiqgs of other workers and with the hypothesis that fast
Al ‘ ’
muscle is slowed. g -
The fact thad the young dsz soleus is speeded is more difficult

to interpret. Whereas Douglas and Qask&n (i971) have found only a
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slight slowing of the 4 week old ReJ 129 soleus, in this study a

definite speeding was obtained. Clearly, the strain differences

e

again may have some bearing on the observation inconsistencies.

Likewise, their results were obtained from in vitro work so that they

were probably dealing with a greater number of.unphysiological
influences. ’

However, the Speéding seen here in young soleus can be interpreted
as evideA:;_against the sweeping general hypothesis that ‘all slow
muscle is spared,.and, in fact it would appear that a modi%ication of
this hypothesis may be in ordér. |f several more characteristics
df‘muscle contraction speed we}é altered; even better evidencé
against this general hypothesis would be obtained. Indeed, as will
be shown below the young dyzj'soleus appears to be ''speeded' also
with }espect to the cooling and #he post-tetanic effects. It is of
interest that even the normal young soleus demonstrates rather ''fast'!
characteristics and this also will be addressed below. |

Thus} while soﬁe‘speeding does occur in the young dyzj soleus
it is evident from the resﬁlts that it is an exception since slowing
occurs in the dyzj EDL of both age groups as well as in thé old
2]

dy soleus.

Consequently, it-was considered worthwhile to examine whether
these transformations were due to intrinsic property changes of the
fibers or whether they wete due to extrinsic alterations such as the
damping effect which could result from connective tissue infiltrafion.

The properties of CP/CD, PTP/PTD and DASP were examined for this

purpose.
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An analysis of the Qf/CD data reveals that the normal EDL
undergoes % CP while the normal soleus shows a‘CD, or remains the
same as the temperaturg drops froé 37° to room temperature. These
responses therefore represent the baseline chéracteristics of heal thy
mouse muscles, In‘the dystrophic condifion thé young and old EDL

s

both show CD. Since this is the characteristic mouse slow muscle
response it would appear that there has been a conversion to slow
musc]é propertiés of this muscie, leewuse, since the old dy2

SOL shows'even greater CD than does the control, this would suggest
‘that the o]d'dy i soleus has become even slower. The EDf‘and the old
SOL therefore respo 4 as would be expected according\£; the
hypothesis of sl muscle sbarinq (at least the slow components of
this mhscle) and fast muscle slowing in shifting their basic
properties towards those of slow muscle. -

The! yéung dy?‘-j soleus as mentioned above does'not however show
enhanced CD 'Since it responds with CP which is a fast muscle property
it has once agann deviated from the general hypothesis of slown !
muscle sparing.

The PTP/PTD data iI{ustrate yet anokher'phenomendn which is
known to differentiate fast and slow muscle. Since fast muscles are
trapsiently potentiated ost-tetanically and slow. muscles are depressed

an yp \.‘p _vz' “) pres
or show no change, one would expect the dy“J EDL to take on the slow
muscle .characteristic of depres;ion; ]ndeed this occurs in the

young and old dsz EDL.

<
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On the other hand, it is reasonable to expect that the SOL

would not show much of a change or would retain its original charac- _4///)1
teristics if spared. - In both the young and the old dyzj SOL there
is no signi%}cani change from the control values. It should be
noted however, that unlike the old control SOL, the young control
SoL vafue§.are quite '"fast'" with respect to this Earametei. They Y
display = cbnsiderable amount of PTP, a fast muscle property.
Thus while the young-dyz-i values are slightly but notlsignificanqu
%aster than tie control values, both values are significantly
faster than those of the O{Qﬁspﬁtrol SOL. |

"There has been a cohsistént-pattern'thrqughout this study
whereby:the ydung control soleus displays phggiglogital characteristics
which have a stfong fast muscle resemblance. On the contrary, the
old control soleus has generally responded much more like a slow
muscle. The cause of the disparity between these control muscles
of different ages can probably be.explained ;n the basis of fiber
type populations. It has been observed that neonatal rat and cat
soleus muscles contract slowly but subsequently speed up until at
aQout k-6 weeks of age they obtain their fastest contraction speeds.

\

They.éhen promptly slow down to contract at their final slow speeds
(Buller et al 1960, Close 1964). The work of Douglas and Baskin ;
(1371) sugéest that this is also true of the mouse soleus. “A
physioclogical explanation for this type of phenomenon has been

elucidated by Kugelberg (1976) who found that the contraction

-
times of the rat SOL at a particular age were related ti\the

b
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percentages of the fiber type populations in the muséle. In other
words as the SOL ageé thére isj; conversion of Type Il (fast)
fibers toward Type | (slow) fibers and the predominant type would
appear to have fhe gréatest fnfluence on ;ontraction—speed,

Since it was shown here histochgmically fhat the young SOL
has a high percentage of Type o fibers (72%) it is clear that the

contraction will be strongly dominated by these fibers. Therefore -

-one would expect the fast characteristi¢s. which were chserved in

the young €57 SOL. The }esu]ts of this work HéQe also shown that
the old C57 SbL shows considerably slower characteristics. This e
shift is easily explained if one considers that a fiber type popﬁlation
shift has occurred as-describgd above. The results of this study

_ ¢
provide histochemical evidence for thi

s in 25 week old muscles

and are consistent with the smaller Type I ox populations of (39%)
in 235 to 5.5 m&kth old mice (Dribin and Simpson 1977) and 66%

in 3-4 month old.mice by Sushella et al (1968).

Tﬁe causes of PTP and FTD as reviewed in the introduction Have
been consideredjin terms of degree of act{vation and the effects
of .Cat2 a¥ an activator. It is possible the PTP ié seen in fast
muscles because its ébundant and efficient SR is able to rapidly
recapture_Ca+2 in the process of a single twitch. This uptake is
thought to be so rapid that it denjes the full expression of the
potent{al of the muscle and thus explains why tetanic tension is

not reached in a single twitch. However, after a tetanus it is

thought that the Ca™? slug released into the s@rcoplasm is more than

9,
(
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sufficient to fully saturate the reuptake mechanism. ' Consequently,
a greater time is-required to remove this Ca 2 and the twitch is

potentiated.- However, recent work using aequorin to mark ca*?

—_

e e S +2 . .
transients in frog muscle has shown the Ca 2 is decreased during

the PTP period (Rude) and Taylor 1973). This .finding may argue
: 2,

‘against the proposal that PTP is due to an extra-amount of.Ca+
which more fully saturates thé contractile apparatus and incredses b
the“activation of the fibers. S.R, Taylor, stated (Hammond énd
Ridge 1978) that it may not be so much the amount of cat? which
is present gut rather the length of time'that it is present which
is most imﬁbrtant‘in determining twitch ampliéude. This tends
to add credibility to the-Ca+2-movement theory described above.

| have nog found any references in the literature whi&h have
studied the DASP of dyzj animals and there are only a few such
measurements in the ReJ 129 mice. A decrease in the DASP of
ReJ 129 SOL and gastrocnemius (fast muscle) was feported by Brust
(1966)-aﬁd a decrease in the DASP of Red 129 EDL was also reporged
tSabbadinf and Baskin 1976). No change in the DASP of tetanic SQL
contractions was repo;;ed by Taylor ef.al (1971, 1974). Since
the DASP depends.heavily on the temporal and the‘éuahtitative
interrelationships of Ca+2, thé presumed activato}, it is of inéerest-
to examine the ‘DASP in that light. It is possible.that slow muscle
which.has a less efficient.SR than fast muscle may have a longer

DASP because the Ca'2 {s taken up at a slower rate than in fast

muscle. This would have the effect of increasinyg the duration of the
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contraction as well., Since this study shows a prolongation of the .

contraction time paremeters in dyétrophy it was considered possible

that a cause was ;n increased DASP. |
The DASP study was intended to examine very basic propertfgs

of the fast and slow muscle contractile mechaﬁisms. Since fast

muscles are knowb te have a shorter DASP than slow muscles this

property was examinéd‘for evidence of prolongation in the dyz-i

EDL and preservation in\the dyzj SoL. Siﬁce_the data ;howed no

change‘For both types o;\muscle, this information is‘di}ficult to

{nterpret. It is certaihly possible ;hat dystrophy had no efféét on

the DAS%. However, it‘cguld also have been that the test wa; not -

LY

sensitive enough to pick up the changes. The latter possibility is

considered unlikely for two reasons. Firstly the GASPS were ;

.measured in old animals, so that any changes due to dystrophy would
be well established. Secondly, the DASPs were measured at room
temperature so as to maximize the individuaﬁ durations.

The above quoted results for ReJ 129 mice are difficult to

+2

interpret on the basis of a simple Ca \\gB;ake mechanism. Under

the above conditions one would expect a prolongation rather than a
decrease of the DASP.

In view of the fact that.the results of thi§ study are at variance
with the studies on the ReJ 129 mouse it is possible that alternative
meang may be.necessary to account for the discrepancy.

. + . . . .
It is clear that the Ca 2 transients ‘are but one link in the

chain of events responsible for the onset, maintenance and decay of
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active state. Many other intermediates are involved each of which:-
could potentially be the rate-limiting step. For instance, ATP is

a pdss}b}e but unlikefy Gavdidate since it hés been found that-steady
state levels of adenqﬁ1ﬁg triphosphate, diphosphate, monophosphate
and creatine phosphate aré unchanged coﬁpared to normal muscle on a
non-collagen, soluble muscle protein basis (Farrell and Olson, 1973).
In addition, as previougly noted, measuremenﬁs of the DASP supply
information on only one portion of the active state curve. It is
possibie for instah;e that it is the }ate of decay of active state
which is prolonged as suggested by Sabbadini and Baskin (1976)., *

If this wére true, ore would expegt that the §a+2 activator

would be present for a slightly longer time though not at full
saturation during this period. This could prolong the contraction and
account for the longer twitch ﬁur ion observed here in dy2j EDL.

Table 16 Eummarize; the physiolegical data obtained for mouse

mu;cles. It is evident from this table that the EDL of both ages

has slowed in all properties studied except the DASP. The Young

SOL has speeded to some extent while the old SOL has slowed in

IRT only.

This concludes the informati;n from the physiological study

on the mouse. As previously mentioned there is a dearth of slow
.muscles in the mouse and the soleus was chosen as a.representative

s low mﬁscle despite the fsct'that it has a large complement of fast
fibers. ’

It was considered necessary to examine the properties of the



TABLE 16
Summary of the Effect of Dystrophy in the Alteration and
Conversion of Some Fast and Slow Muscle Properties in

Mouse SOL and EDL Muscle (a) (b)

. . SOL ’ EDL

Physiological
Property - €57 dyZ) *  C57 dy<J *
cT (msec) Y 17.4t1.0 14.9+0.4 # 9.1%0.2  11.740.5

0 20.6£0.9  20.620.9=—= g 010.4 16.6%1.]
IRT (msec) Y 21.5:1.8 16.7¢0.8 4 9.230.6  11.84].¢

0  23.1%l.1 27.6+1.8 ¥ 8.610.5 19.1%1.6
PTP/PTD (%) Y 110.3%2.1 111.74].8— 1h2.7¢4 4 124, 422, 7

0 102.7¢1.8 105.0%3.3+—e 131.725.1 107. 42251
CP/CD (%) Y 102.8%5.4 125.0%6.2 4 169.9+7.2 149.06.0

0 88.6%2.6 88.0+2. 5w 143 .54, 9 98.6t4. 5 4 A
DASP  (msec) 0 8.3+0.3 8.280.3w—  7.240.3 7.410.3 -
(a) Values are mean SEM Y=Young, 0=0ld ’

f =Conversion to a Faster Property
‘ =Conversion to a Slower Property
~<+—s-=No Change
w? . 4
(b) All data were ‘obtained at 37° except for DASP property

(Room Temperature) .

131
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guinea pig-SOL whick is a histochemically pure slow muscle uncompl]cated
by extraneouslﬁopulations of Type Il fibers. This would establishA

a baseline referencé point from which to evaluate other muscle types.

The data for the guinea pig soleus shgw that indeed the CT

and iRT"are longer. }It is of interest that the linear dimensions

of animals.have some bearing on the speed of contraction. |t has
been pointed out that {n homologous muscies of different species the
speed of shortening is inversely proportional to body size (Hill )
1980). Thus, a sma[l animal such as a mouse would have much mord *
rapid limb movements than would the guinea pig.” However the

habitat and 1ife style is also important. Since Barany {1967)

showed that the intrinsic speed of shortening is proportional to
the.specific activity of ATPase of myosin there should also be
@ correlation between aéimal size and fiber types present. The

mouse SOL has few slow Type | fibers whereas the rat has more and the

cat and guinea pig solei are pure slow muscles.
»

In addixioﬁ to the slow speed of contraction of the éuinea pig
SOL, a definite but §mall PTD was observed as well as a strong CD.
These are consiqsﬁed as slow muscle properties.
Ftois of interest that only a weak PTD was récorded but ‘a strong
€D apéea}ed. A likely possib{lity.for this outcome was provided by
a personal Eomm;)ication‘with Dr. D.M. Lewis and Dr. K.W. Ranatunga.
PTD is apparently haximal within about one half second pdst-tétanus
< but répi&ly returns ioﬁards pre-tetanic levels. At about two seconds

Post-tetanus it plateaus at a tension about 10% below pre-tetanus.
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This plateau which is quite flat persis;s until about 10 seconds
post-tetanus and tﬁen returns to pre-tetanic levels. Since in the
experimental protocol used here the post-tetanic twitches were
recorded approximately 5 seconds post-tetanus only a limited amount
of PTD would remain at this'point.

A similar explanation is presumably valid with respect to the
mouse SOL in which no PTD was observed. Sincé this muscle contains
a mixture of fast and slow fiSers, the post;tetanic twitch tension
would be in pajt the result of potentiatjon of fast fibers and in
part a small degree of PTD of the slow fibers.

" The CD is a phenomenon'however,hﬁhich was recorded in its fully .
developed state due to the experimental desigh. This occurred

since sufficient time was allowed for thermoequilibration after
changes in the bath temperature. »

The physiological data discussed above were summarized by 8
parametric and non-parametric tables. These-tables*we;e in;ended to
give som; idea of the ranking of each old muscle type studied in
relation to the:thSiological properties associated with éontraction
spéed.v It is‘evident from these tables that at the extremes the
mouse EDL is the fastest muscle and the guinea pig soleus is the
slowest muscie. The intermediate categories (c57 soL, dy2j SOL
and dyz-i EDL) are blurred due'to the overlap o% the error bars. M
Nonetheless, it is clear that the old dy?) EDL shifts considerably

towards slow muscle properties. The old dsz SOL makes only limited

changes-from its control properties.
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-Since the conversion of fast to slow properties does occur in
the EDL it is concluded that the cause of this slowing is a trans-
\Y;Formatioﬁ of fést muscle properties to slow muscle propeéties.
Since the old dy2j SOL has shown only little change, this is inter- -
preted as a relative sparing of slow muscle properties in this musclé.
There are several‘important considerations relating to thé
above physiological study.

_Firstly, the hypotheses of fast muscle slowing and slow muscle
sparing are not necessarily causally related. Indeed the results
presented above would argue against the idea that similar mechanisms
are involved on the different muscle types.

The young dyzj soleus speeds to act more like a fast muscle
which is in direct opposition to what one would expect from a dystrophic
condition. Consequently this effect is possibly not due to the
dystrobhy per se but may be due to other factors. |t appears that an
agé dependent factor is involved. Morgover, the dyz'j EDL which
behaves consistently iike a slow muscle in both age groups cannot be &
the result of slow fiber type sparing since there ;re no Type | fiberé
in this muscle to begin with {personal observations). Therefore, the
effect of dyst;ophy o& this.Euscle could be due to one of the following:
(a.) a genekélized slowing of all fibers o}
(b.) those fibers which succomb contract with a slow contraction
speed. - -
It is impossible to determine from these experiments which of the above

possibilities is correct. On the basis of these considerations it



T~
135
’ : , .
now appears naive to assume that the hypothesis as suggested Qy Brust

in 1966 should be borne out 100% but rather thaf'agreement would be
! - '
found in some respects only:

P

In an attempt to demonstrate influences which may have been
responsiﬁle for-the Hata the following factors are considered.
-

_Firstly, the f:ét that in some cases heterozygous, animals were
undoubtedly included in the '"control' pool may have had some effect
on the resu]tg. The degree of such an effect is difficult to determine
except possibly by observing whether in any contfol category certain
muscles responded in a ''dystrophic-like'" fashion.

Secdndly, the "old" category of mouse contained mice of widely
varying ages from 6.month5 fo more than | year. This cQuld also
contribute to the variance. X

In comparison-with the work of other ;nvestigators,.few comparable
studies have beén comﬁleted on the ayZJ stE;in of mouse and care
must be taken when comparing these results to‘the Red 129 ones.
Likewise, the present experiments were carried out in vivoe to preserve
physiological conditions as well as possible. One must be careful..
when comparing these results to the in vitro ;tudies, especially

. LLLER AR5

those: involving muscle étrips.

In addition, a criticism which could be Tevelled agaigﬁt this
study was suggested to me by Dr. K.W. Ranatunga who pointed out that
‘a staircase phenomenon could possibly hade occurred in the mouse

muscle atdthe rates of stimulation employed g;sec). If indeed this

were so it may obscure some of the real twitgh tension effects and
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the degree of obscuring cogfd be diFferentrfor fast and slow

muscles as well as dystrobhic muscles. The degree to which this
.\ @ \
occurred, if any, is not known. )

The histochem{éal data obtained from the 3-4 week old mige.have
shown that the Type ' ox heal thy fiber'population drops by hﬁ%
relative to the control ereas the he§lthy fype | fibers drop by
.“only'ZB%. This difference way found to be significant using a Chi-
.square test. These data may Be interpreted é; being indicative of a
preferential involvsment of the Type Flox ?ibers. It is however
difficult to détermine how much affect this will haVe_physioldéical]y.
It would appear tgough that it is really the rate of progress of the
aisease which differs in the two fiber type populations and it is not
a question éf complete differential involvement. It is further .
-~

apparent that all fibers eventually become affected (personal observa-

tionslf‘“\ T ] ,
/ :
Sushella et al (1968) studied the histochemistry of .the
ReJ 129 mouse in which they found that dystrophy affects the ‘'Type |
fiber area" of the mouse gastrocnemius and affects the mouse SOL t
uniformly. This of course would run counter to the evidence of Brusg
and his supporters. | think several explanations are available for
this type of result. Perhaps most importantly .is that Red 129 mice.
were used which were severely affected at 3-4 months of age. & -
Histochemically as indicated in their paper this causes great difficulty

in fiber typing and is subject to a rge margin of error. Additionally

the criteria used for typing were not methods now accepted for definitive -

(s
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typing. However, one observation made which is conaistent with th;
present findings is that the muscle Is not affected uniformlanitH
some areas of the same muscle being differentially affected.

There have been only 2 papers dealfng with the newer dyz'j
strain of mouse. -

Dribin and Simpson {1977} studied the SOL.and gastrocnemius
of dyzj mice using perhaps the Best available fiber typing techniques
ie the acid and S*&a]i stable myoﬁibriliar ATPase stains and an
oxidative enzyme stain. However here also they encountered serious
problem§ in typing because the mice were very severely affected at
2.5 - 5.5 months of age." In addition';hey were totally unable to
rely on the oxidative enzyme stain for the dyst}ophics-since it no
longer differentiated fiber typés. They observed that even the
myofibrillar ATPase stains showed subtle gradations of staining. As
a result, there was considerable variation in their results. |In the
present work mice of 3-4 weeks of age were examined for‘}he very
reason that it was judged impossible to make accurate assessments
of the fiber type populations Lé older dystrophics.

Dribin and Simpson observed in the gas trocnemius ;he "red"
region was more severely affected. Presumeably this is th;\}egion
referred to by Sushella et ai above which is compésea of red
(Type 11,) and intermediate (Type I) fibers. In the SOL they
concluded it was the intermediate fibers which were preferentially

decreased in number compared to the red fibers.
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One paper which would ap;ear to substantiate the present findings *
was by Butler .and Cosmos (1977) in which-they compared the ReJ 129
and dyzj strains histocheﬁically. They studied mice from 3 days to
IS‘months of age including mice of 4 weeks of age as done in the
present work. They have con;luded that despite the fact that the
two dystrophic genetic exp}essions originate at a common locus, the
.phenotypic expressiop and the time courses of the diseases are -

\
different. They reported the ReJ 129 to have an early preferential
involvement in their''white, fast-twitqh'g]ycolytic fibers'' and the
dyz-j in their''red, slow-twitch oxidative fibers'. They have based
these findings on their observations .that in .the ReJ 129 mouse the
crown portion of the fast anterior. tibialis muscle is largely
wasted. fhey reported that this area nofmaliy contains mostly
“white) fast-twitch %lycoly;ic fiSers“ and,tﬁat the SOL and the core
of the anterior tigialis which contains mostly '‘red, slow-twitch
oxidative fibers" was spared. Since the reverse was found in the
dsz mouse they have concluded that there is a differential temporal
involvement of dlfferent fiber types in these strains.
| In their paper it remained unclear exactly which fibers tﬁéiabove
men tioned ‘nomenclature feFerréd to.- There was no mention made of the
3 fiber types which are now genérally accepted (Close 1972) and which
has been.specificall demonstrated in the mouse (Sher and Cardésis
1976). In addition their fiber typing was based on stﬁ?ﬁ} for
phosphorylase and succinic déhydrogenase without the aid of the

4

more generally accepted myofibrillar ATPase stain. Karpati#and Engel

\. . : .
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(1968) have suggested that the ATPase stain is the single best stain

~and Engel (1974) has criticized the phosphorylase and 'the oxidative

stains. Likewise, Ashmore and Doerr (1971) have.cautioned againsg
interpretations made by'theluse of the phosphorylase stain and bodh
Dribin and Simpson (1977) and myself have observed 1imited usefginess
of théhbxidative st?ins whén applied to dystrophic t{ssue.

| have noticed that s;me mouse musdles such as gastrocnemius

seem to have a geographical distribution 6f regions which contain
. L

different densities of a particular fiber typeAénd this has been

reportéd by Sushella et al-(l968), Ashmore and Doerr (1971}, Dribin
and Simpson (1976) and Sher ana Cardasis (1976). The spperficial
portions of these muscles are composed of Type Ilg|yc fibers.
As one nears the bone thére }s‘a Qra;ual transition through an area
of relatively high deqsity Ilox fibers mixed with an area quite
high in Type I fibers adjacent to the bone.

It would appear”likely that the system used by Butler and Cosmos
did not differentiate the 3 fiber types‘at all and in particular’

did not identify the llgy fiber. The SOL of course has a large

number of these fibers as does the gastrdcnemius ”Type 1 area" of

Sushella 1968, the.''red region' of DFibin.and Simpson, the "inner
zone'' of Sher and Cardasis, the area observed by Ashmore and Doerr
and the '"'crown portion' of the anterior tibialis of Butler and Cosmos.
Consequently, if as it appears. the I]OX fiber was lumpéd togéther
wi th thg Type i fiber by Butler and Cosmos it is possine'that it is

P Py
actually the T1,, fiber which is preferentially involved.

Tl



e

£

. _ 140

’

According to Close (1972) the available evidence is such that

/
the fiber types can be grouged Into 3 categories (1) fast Qﬁﬁtch white

L)

(2) fast twitch red and (3) slow twitch intermediaté. Thus, the
"slow twitch red" fibers referred to by Butler and Cosmos may actually
include both the Ily, and Type | fibers in the antexior tibialis
muscle ‘of the mouse so that the fibers which they are calling
"slow oxidative'' are almost certainly the Type 11, fibers (personal
observations). ‘

The impbications of the above information are interesting when
atlempting to correlate the physiological findings with those of the
histochemistry. Since physio1ogicatly it was found that there was
a distinct.teﬁdency of the young dy2j SOL muscles to shift towards
faster muscle characteristics the simplest explanation for this
would be that it was due to a greater detrimental effect upon the
slow fibers (Type 1) than on thé fast fibers (Type I{;x), the reverse
of what was actually found. This discrepancy is difficult to explain
us ing conventional approaches.

'n order to explain the above inconsistency i£ is likely that
one of the following is responsible: (a) The histochemical-physiological
correlation is not as predicted for this age group or (b) some aspect
of the experimental technique gave rise to false observations.

Regardihg the former possibility, evidence has been accumulating
which suggests that a rigid view of fiber type physiological properties
is not entirely accurate. For example the preliminary findings of

Lewis & Parry (1979) have given some evidence for a continuum of motor

- -

N

SN
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unit contraction speeds In mouse SOL. Motor unit contraction
times ranged from 7 t; 37 msec with no sign of bimodal distribution
despite the clearly bimodal.distribution of ﬁyofibrillar AfPase
act{vity of figers.

Thus, once again, a rigid classification 6f Type | and Type 11
into siow and fast fiber respectively may not be entirely accuraée at
least in the mouse SOL..gtkkpwise, according to the work of Burke
and Tsairis.(1974) a particular fiber type may have different properties
depending on the muscle.

In using a similar approach to that of Robbins et al (1969),
"qbich pofnéﬁd-to th;,possibility tha? histochemical changes may lag
‘behind the physicleogical changes, it is possible that the diseased
muscle has undergone a physfological speeding prior to any demonsfrable
histochemical alteration.

Another possible explanation_for these results would be éo
consider that the diseased fibers placed in ﬁhe "abnormal'' histochemical
cafegories actually contract more rapidly than when they were healthy.
This is not considered likely however because it would reéuire that
these fibers reverse their conttgttion_speeds when they become older.
This would be neéessary to explain the slow centracting old SOL
which has many more diseésed fibers than the young SOL. iﬂ/)

A further aspect of the histochemistry which has not rét been
dealf withsinvolves the role played.by the Type I} glycolytic fibers.
't is interesting that the normal soleus contains only Type | and 1ox

fibers while the EDL contains only Type Il__ and Hgtye fibers. The

Oox



142 -

Type llox fiber is thu? common to Soth muscles. The lgiye fibers
are thought to contract rapidly apd Qenerallw Fpgpe\fibers aﬁpeared
very well preserved'in most of fhe tissue examined which contained
this fiber type, On this basis it woujd appear that it is primarily
the 11, and | fibérs which arelfirst affected at this early age.
Otherwise, not much can be said regarding the rlg]yc fibers.

‘The fiber count data have shown.éhat at 3-4 weeks.of age there
are already about iSO fewer fibers in the dystrophic soleus than
in the control., The;elis good evidence that these-fiberg actually
we;é lost and were not simply missing to start with because Montgomery

and Swenarchuk (1977) obtained total fiber counts in preclinical

mice which were very similar to the totals | obtained for the control

.mice.

The finding that there were many different stages of f}ber
damage in any histological section fed me to consider the 3-4 week
tis;ue as representing a '"snap shot'" in time wherein all the stages
“of the disease weée under way simultaneously. In other words, assuming
a consistent pattern and course of degradgtioﬁi all of the stages
from health; fibers through to fibers which are completely destroyed
should be present in the histolqgical sections., Thus, the classification
of'the unhealthy fibers was carried out in some dégail in this study.
{t was hoped firstly that by tallying the fibers.in each unhealthy
category it may be possible to determine which healthy category

contributed to the particular unhealthy categories and thereby account’

for the fiber population redistribution., However, it became clear
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that there were too many abnormal groups to enable this sort of
inventory' procedure. The second purpose for the detailed examination

was to gain some insight into the fate and structural change of a

‘Fiber as it Q;ogresses from the healthy condition through its stages

F)

of necrosis until it is finally destroyed. Again, however the sheer
number of abnormal stages rendered such a procedure at best speculative:
but would be én interesting study for the future. )

A further aspect of mouse histochemistry which has nat yet////
been considered is the effect that altered functlonal demands may
have on the ratios of the fiber types.. The hindlimb and gluteal
regions of the dystrophic mice can‘be seen to constantly jeék
spasmodically. This activi;y in itself may cause a superimposed
effect upon the basic changes which would occur due to the hisease
by itself. A rather large 'volume of literature has accumulated
on the effe;ts‘of altered activity levels and its effects on the

. —
histochemical and contractif;/responses. (Barnard et al 1970,
Olson_and Swett 1969, Fitts and ﬁolkoszy 1977, Gutmann et al 1971).
In addition, the young anima]s<dra§/theirihindlimbs (the spastic
activity seems to develop a {ittle later) and in the alder animals
the knee joints become fused. These abnormal conditions may well
contribute to:thg final histochemical and physiological pattern.
The abnormal fiber size variation in R;J 129'mfce noteg by Goldspink
and Rowe (1969) was investigated in Eyzj snimals by Dribin and .
s

Simpson (1976). The latter group found that the Type | fibers were

hypertrophied in their older mice (2.5 - 5. months) and were
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A

reduced in number while the Type 1lgx fibers were variable in
number but of the same size.‘ Their abnormal group consisted of
atrophied fibers. ‘ .

Since mofphometrié teéhniques Qere nat u;ed in this study the
fibers were not checked for.size variatioqs however the Type |
fibers did look hygertrophied in several sections (pers&nal
observations). , ) *

in summary it would appear that the physiological study has
confirmed that there is indeed a real transitioﬁ of fast EQL to
slow.muscle properties and that there is relatively little change in
the slow soleus muscle with the exception of the yéung so]eus.\\:25
The histochemical ;tudy which was designed as a means of determining
in a more refined manner the changes occurring at the fiber type
level could be interpreted as indicating Ehat there is a preferential
sparin; of the Type 1, supposedly slow muscle fiber. However this
histochemical data doés not necessarily fit with the physiological
speeding found in this muscle. One would expect a slowing of the
young dystrophic ;oleus if indeed the Type | fibers are slow and
if they are spared. -

Since this is apparen;ly not the case it is possible that
;omething even more basic than the fiber type level is required to
explain’ the situation. Perhaps the effect is a general one put for
some reason ‘the Type | fiber type staining reaction remains slightly

.o

more resiliant. It is clear howevér that the best way to resoive ;/////

~

this problem is to examine individual motor units in both control
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and dystrophic animals and determine the characteristics of each fiber

type and the nature of alterations which occur to each fiber type.

et



CHAPTER V

APPENDICES

Appendix |

~ Muscle Weights and Tensions (Absolute and Normalized)

Ip addition to the data presented in Table | concerning absolute
and normalized twitch tensions at 37°C a duplicate set of data was
obtained at room temperature and these data will.be analysed here in
Table-lA. At this lower temperature the fast muscle tensions are
larger than at 37°C whereas the slow muscle develops slightly less
_tension. |

Table 1A shows that there is an increasé in absolute tension as
‘the normal EDL ages (rows | and 3) similar to the 37°C data but there
is now no difference in normalized tensions which is unliké the 37°C
data. It would thus appear that reducing the temperature has a greater
enhancing effect on the contractile mechanism of the young C57 EDL than

on the old C57

The young and old™857 SOL {rows 5 and 7) data are consistent with

the 37°C data in th oth absolute and normalized tensions are
significantly inc ‘ésed'{n the older muscie. This increase in normal-
ized tension probably reflects developmental change‘of the SOL con£ract-'
ile mechanism.

-

Now, examining the dystrophic muscle, the young dsz EDL shows

a substantial reduction in absolute and normalized tension (rows 3 and ﬁ)

v "._“ . “46
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/ TABLE 1A
# - .
The Ef .Q, Hﬁécular Dystrophy on the Absolute and *

Normalijzed .Ténsions of Fast and Slow Muscles of Mice

of Different Ages at Room Temperature (a} (b) (c)

. R Temperature
Muscle Description oom P

Twitch Tension Normalized Tension .
. {gms) (gms/gms)

0ld C57 EDL (15) 9.0%0.5 816.2135.8

:Id dy2J EDL  (14) | h.6%0. 4 } 70#.0154.0}

Young C57 EDL  (14) 6.610.4 815.9+30.9

Young dyZJ EpL (13) 3.140.3 :]l 399.0:30.1;}A

01d €57 soL (15) ~  5.2%0.3 428.0+19.6

oTd dy?d soL  (14) 3.0£0.2 } hgs.htho.o:|

Young €57 soL (11) 3.3%0.3 374.0£15.6 4
Young dy?L soL (12) 2.240. | } 301.3118.7}

(3) Values are mean t SEM, values in parenthesis are N=Number of mice.
(b) Normalized tension = grams tension/gram wet muscle weight. *
) | .
(c) Crossed vertical bars indicate significance at 5% level using

Student's t test.
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as was the case at 37°C. The SOL (rows 7 and 8) also shows some
decrement here but to a lesser extent than does the EDL.

The older dystrophic EDL is reduced in both te&sions (rows 1
and'2) in contrast to the findings at 37°C where the nq{malized
tension was found to. have actually increased relative to the control
value. The old dystrophic SOL (rows 5 and 6) was consistent (jt?)fﬂ
the 3?°C data in that the absolute tensfon was reduced and the\

A\

normalized tension showed no change from ¢ Q{;:]'
nsion (absolute and

Finally, the young dyzj EDL exerts less
normalized) when compared with the o{de; dyzj EDL (npws 2 and k)
whicH is similar to the 37°C data. This is also“true of the dyz-j
SOL muscle (rows 6 and 8). ~ \

¢Jn summary, the room temperature data is for the most part in
agreement with the 37°C data for absé]ute and normalized tensions.
There Qere some interesting inconsisgencies which are difficult to
interpret. For instance the-ogservation that normalized tession of
the old dyzj‘EDL was significantly lower than the control at room
temperature but at 37°C it was greater, Ii would appear that the

change in temperature causes a marked alteration of some sort within

the contractile mechanism of this ty muscle.

oy



Appendix 2

Study of the Time Parameters of the Contraction

In addition to thé data ghtained at 37°C observations were made
at room temperature. While the lowér temperature has the effect of
slowing both the CT and the ¥RT of fast and slow muscle, the fast muscle
remains faster than the slow muscle response. Table 2A contains these
data and indicates which of tﬁe muscies differed significantly. The

'J;ta are analysed below and are considered in relation to the results
at 379¢. _

Firstly, the young and old C57 EDL muséles were found to be
significantly faster than their respective C57 SOL counterparts so
this information is not included on Table 2A.

The time parameters are not significantly different in the young .
and old C57 EDL as was fouﬁd at 37°C {rows 1 and 3) and the old C57'
SOL is significantly slower than the young €57 SOL which.is also
similar to the 37°C findings (rows 5 and 7). ’

The young dyz-i EDL is slower than control in both time parameters
whereas it was only significantly slower in CT at 37°C (rows 3 and 4).
Interestingly, at room temperature the young dyzj SOL is not
significantly different from control whereas it had been speeded at S

37°C. (rows 7 and 8).

The old dyZJ EDL is much si8wer than control at room temperature .
{rows 1 and 2) and indeed it has become §; slow that it is not signifi-
‘cantly different in CT from the old C57 SOL. The %RT of the old C57

SOL is slower however (not shown on téble).
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TABLE 2A

Isometric Twitch Contraction Times and Half Relaxation Times

in Normal and Dystrophic Mouse Fast and Slow Muscle at Room

Temperature (a} (b) (c)

Muscle Description

Contraction

Time (msec)

Half Relaxation

Time (msec)

o+
.

o ~ O v

0ld cs7_EdL (22)
01d dy2J EDL  (24)
Young €57 EDL (14)

Young dyZJ EDL (13)
01d ¢57 soL  (18)
0ld dxzj soL

&
YoujaJCS7 soL  (11)

S .
. Young dy?J soL (12)

(%)

22.
33.
22.

27,

36.

I

28.
31.

510.9
611.3
210.8
120.9
2£1.6

~
.9%2.2

8£1.4
710.9

L) bged Loyed Lot

{

L

e
LI

N

" 63.914,
36,343,

18.140.7
38.922.8
19.9%1.0
27.243.

50,142,

M ~ v~

s ]
}

33.942.

(a)

(b}

(c)

Values are mean * SEM, figures in parenthesis are N=Number of

muscles,

- -

Crossed vertical bars indicate signifance at 5% level using

student's t test.

Each value shown here is significantly greater than its counter-

part at 37°C.
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The old dyzr SOL has slowed relative to control in both CT
.- and $RT (rows 5 and 6) while at 37°C only the RT was‘significantly
. slﬁwer. ' ' A

In addition the old dyZj EDL was significantly slower than control
{(rows 2 and 4} ;s was the old‘dyzj SoL (rows‘S and 8) which is consistent
with the 37°C data. '

In summar§ there is quite good agreement of the room £emperature
data with the 37°C~datal However, the young dyzj SOL which showed
speeding at 37°C was not significantly different from control at room .
temperature. This is potentially of importance and an explanation is

not readily available.

’
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o ' Appendix 3

Post Tetanic Potentiation/Depression

Supplementa}y to Table 4 which contains data pertaining to
PTP/PTD at 379C is the following Tabte 3A which contains similar
i .

data but at room temperature. These data will be compared as before

ra

but with reference also to tﬁé.gffeck of lowering %hg temperature.
As will be shown below the- Tower temperatdre resulted in a cha;ged
pattern of statistical sfgnificance.‘

However, as seen before the young CS? EDL demonstratéd more
PTP thén did the ydung C57 SOL and this was also true of'the old’
control muscles (not shown on Table 3A}. Also as was previp?sly
found for the 37°C data, there was no significant difference between
the pre and post-%;tanic CT and }RT values for any cafegofy of muscle
so that a separate chart was not included here. |

As at 37°C the young C57 EDL was statistically siEilar to the
old Cé? EDL (rows 1 and 3). The young and old €57 SOL v were
not significantly different at 37°C but the old C57 SOL showed a .

lesser PTD than the young C57 SOt at hmT {rows 5 and 7). It seems

paradoxical that the old C57 SOL should show a lesser PTD (a fast

muscle tendency) than the young C57 SOL since | have previously

suggested that the older C57 SOL appears to become more like a slow

muscle with age. This puzzle can be simply explained if one considers

the data more fully. While the old C57 SOL gives similar responses at
both temperatures, the young C57 SOL is strongly affected. by the

temperature change. .it displays a distinct PTP at 37°C but a distinct *
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. " TABLE 3A
First Post Tetanic Twitch as a Percent of Pre-Tetan®fs In "
Normal and Dystrophic Mouse Fast and Slow Musc# at Room

Temperature (a) (b)

]
First Post-Tetanlc ] o/ {b)

M le D ioti Twitch as a Percent RmTvs 37 :

uscle Description of Pre-Tetanus at ¢ Student t test
Room Temperature

1. 0ld C57 EDL (13) 110.8£2.5 } <

- l"
2. olddy® oL (13) |- 103.3%2.4 .
3. Young C57 EDL (10) 110.0%1. 4 :]
- *

k. Young dy2d EDL (10) 105.7¢2.1 . ¢ <

5. 01d c57 soL  (11)* |- '98.3%2.2 }

6. 01d dy?J soL  (10) - 105.242, | .

7. Young C57.s0L (10) . 88.8£2.6 }

8. Youngty?d soL (11) « 96 422.2 <

(a) Values are mean * SEM. Values “Tn parenthesis are N=Number of
muscles. Crossed vertical bars = siénificantly‘different at

5% level using Student's.t test. , B

\ ) . ’
(b} < = RmT significantly lelss than 37°C at 5% level using student's

[
-

t test. , : . —_—

1
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them at room temperature.

154
PTD at room temperature. The cause of this erratic behavior is -
unclear but the strong PTD at room Eémperature, if taken by 'itself
could misiead one to think that the old C57 SOL has the faster

tendencies of the two muscles.

NEY ~

The young C57 EDL shows greater PTP than the young dyzj EDL .
at 37 degrees . (rows 3 and 4) but there was no difference between

TD@ old C57VEDL values are gréater than the &yzj values at
both temperature; (rows 1 and 2). Interestingly, whereas the young
dy2j EDL showed more PTP than the young C57 SOL the old dy‘z-j EDL was
not different from the old C57 SOL .(not shown on Table La). This
could indicate that as the disease advances the EDL is gradual!y
transformed toward slow musclyg properties as'has previously been seen.

The young dy?J EDL showed more PTP than did the ol dsz EDL
at 37°C but there was no diffetence at .room temperature (rows 2 and 4).
This is reasonable since fast muscles show less PTP at room temperaturé
and this would tend}to bring the two values closer together.

The young and old dsz SOL show more PTP than their respective
controls at room temperature only (rows 5 and 6), and (7 and'8), and
the young d 2] SOL gives significgntly m;rc PTD than the old dy2j soL
at ;oom tem§;}ature only. It thus appears that the lower temperature
has resulted1£i considerably different résponses than at 37°C.
Moreoveé, at thé ioJer temperature the young and 0}& dyzj‘SOL .
responses show a shift toward PTP, relative to control- The cause

of this is unclear.
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A; additional set of comparisons were carrled>6ut to complete
the data on the first post—tetanié twitch.‘ In order to determine
the effect of temperature on each muscle category, t tests were done
to find out whether signiflcant post-tetanic changes occurred as a
result of the temperature change. The Jast column of Table 3A contains
this information. 1t shows that the post-tetanic response of the old
dyzj EDL, old €57 SCL and old ﬂyzj SOL are not altered by}the change
in temperature while the remaining muscle categories were significantly
changed by the temperature. Since neither the old €57 SOL nor the old
dyzj EDL valueézchanged with temperature, this is yet another bit °
of evidence illustrating that the d;zj EDL becomes similar to a slow
muscle,
. by
In summary, the room temperature data differed considerably
from ghe 37°C data in the PTP/PTD response. It wouTd therefore
appear that the post-tetanic effects are strongl? influenced by the
. temperature of the experiment. In general the EDL muscle comparisons '

became more significant at 37°C whereas the SOL comparisons were

more significant at room-temperature.



Appendix 4

Indirect Stimulation of Mouse SOL at Room Temperature

Whereas the data.obtainéd for SOL at 37°C showed several differences
between direct énd indirect stimulation there were no such differences

at room temperature. .

Table 4A shows the room temperature data for both ﬁethods of
stimulation. While at 37°C the indirectly stimulated SOL was signifi-
cantly faster this was not true at room temperature. In addition
the PTP/PTD response became more similar to fﬁat of a fast muscle
when indirectly stimulated at 3706 but here no such conversion.was
observed. The time course of the PTP/PTD response of SOL was recorded
at room temperature for indirectly stimulated muscle has already been
given in Fig. -10. There is very little difference between the curves
of these pairs. ) ) S

It would thus appear that the speeding of some SOL responses seen

only at 379C is due to a temperature dependent factor and is difficult

to explain in mare specific terms. _ ) .

L
"
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TABLE 4A
Effect of Indirect Stimulation on Normal and Dystrophic Mouse

SOL Muscle at Room Temperature (a)

Physiological _ Indirect C57 SOL/ indirect dy® soL/
Parameter Direct C57 SOL , Direct dyzj SOL
Absolute 5.2£ 0.4 (7) S 3203 ()
© . # Tension (gms) 5.2 0.3 (15) 3.0t 0.2 (14)
' Normalized 422.0133.0 ( 7) 500.0t61.0 ( 7)
Tension (gms/gm) 428.0119.6 (15) 496.4140.0 (14)
T CT . 33.42 1.4 ( 9) : 384 1.7 ( 7)
(msec) . 36.2¢ 1.6 (18) : 41.9% 2.2 (14)
" 4RT, 45.6% 3.7 (.9) 64.1£ 5.6 { 7}
(msec) 50.1% 2.7 (18) 63.9% 4.5 (14)
PTP/PTD . 96.2¢ 1.7 { 9) 105.2¢ 2.1 (10)
) 98.3x 2.2 (11)¥ 106.6x 2.7 ( 7)

L

-(a) Values are mean % SEM, numbers in parenthesis are numbers of
musctes. None of the paired values above were significant at

the 5% level usin§ the student's t test,
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