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" ABSTRACT -
The exter;sor digrtorum longus muscle (EDL) of the mouse
consists almost entirely of Type II‘ fibres (fast-twitch). The
motor unit compbsition of this muscle in_bcth normal (C57BL) and
dystrophic (dij/dsz) mice has been . examined. 64 motor units
T haye been investigated in 15 normal mice of average age 84 days
.\)K:weight 29 grams. 60 motor units have been studied in lSI
dystrOEShic mice of average age 81 days and weight 22 grams. ,
Anaesthesia was by Na pentibarbitone 75 mg/Xg I.P.
gnltiall;, supplemented via an indwelling peritoneal carmula.as ’
required.. Whole blood from a healthy donor mouse was citrated and
infused (0.7 to 1.0 ml) via a thin polyethelene cannula, drawn to:

’ -

a fine ¢taper, and inserted into the femoral vein of the
contralateral leg.- Complete denervatidn of ali musc;les except
EDL, wag followed by laminectomy froa:n L1 to L5. Motor units were
isolated functidnally by ventral root splitting of the L3 and 3/
roots. Units were determined to be single by all or ncone
cont.:réction, EMG a‘nd antidromic ventral root action potential.

Motor unit tetanic tension, expressed as a percentage of
whole muscle tetanic tension for both normal and dystrophic mice
showed little Qariation, -l.O to 11.7% (mean value + SD = 4.6 *

2.2%) and 1.0 to 18.4% (mean value + SD = 6.7 * 4.0%). ‘This

suggests that the 57 EDL contaiers about 22 motor units while

»
-



dysﬁrophic EDL is compésed of about 15.

Normal mice demonstrated a distribution of motdr unit
times to peak twitch tension that was unimodal. The mean value
was 8.7 + :1.2 msec (standard deviation). In EDL ot dystrophic
mice the mean time to peak twitch tension was 11.9 + 2.7 msec
{SD). These times to peak showed a tendency to fall into a
binrz.dal distribution with rre'anlvalues of 7.0 msec and 12.6 msec.
Statistically, ho‘gever,' cumulative plotting of unit CI' on
probability’ paper failed to indicate anything lbut 'a nommal
distribution for dystrophic motor units.

The mean coonduction velocity for normal mice was 70
m/sec (+ 11.8 3D) and 46.3 m/sec (+ 5.7 SD) for dystrophic mice.
Nol- simple relationships between unit tension or CT and conduction
velocity were observed. No interrelationship between motor unit
CT, Po or Pt/Fo was observed.

The resdlts presented are interpreted as supporting a

neurogenic etiology for murine muscular dystrophy.
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I THE MUSCULAR DYSTROPHIES ™:- A BRIEF HISTORICAL REVIEW

The muscular dystrophies.have long held a fascination
for s.cientists since they were first clinically described (for
historical review see Rowland 1974). Progress  in  the
understanding of this disease was probably first approached
systematically in the mid 19th century by the French school of
neurologists. Of particular note was the piloneering work of
Duchenne. It was he who described clearly the type of dystrophy
that now bears his name. |

around this same time an English physician Edward Meryon
described his clinical observations of four brothers afflicted
with dy;trophy (1852). He observed t.h-e disease to be hereditary,
affecting males,‘ and on post-mortem saw no abnormality in the
nervous system. He postulated the disease reflected a primary
defect in the muscle fibres, a oonclusion Duchenne subsequently
af'."rived at in 1872. This has remained relatively unchallenged
until the mid-20th century. |

In the next decades the emergence of several other forms
of dystrophy led to a general confusion as to the classification
of this disorder (reviewed by Walton and Nattrass 1954). It was
Erb (1844) who did the most to define the histopathologic criteria
common £0 the dystrophies (for review see Walton 1973a). So

oy

o
accurate was his work that today it is still valid for use in -



dilagnhosis.

These consisted of: -

1) . rounding 6E muscle fibres shown in transverse Asections with
- hypertrophy of some fibres and atrophy of others;

2) random variation in muscle fibre size and shape;

3) cengral migfation_of sarcolemmal nuclei in many fibres;

4) fibre splitting; and i

5) . extensive infiltration of fat and connective tissue.

Even Qith clear  histopathologic criteria the
classz:.fication of the muscular dystrophies is not easy. Its mode'
of inheritance, age of onset, rate of progression, distribution of
affected muscle, etc. have’ made classification ambiguous at best.
Walton and Gardner-Medwin (1974) have attempted to use an analysis
of genetic and .clinical data to arrive at a classification which
divides prégrsssive dystrophy into its "pure" form and  that
associated with myotonia (see Table 1).

The fact that Erbs criteria for dystrophy are also the
histopathological description for a chronically denervated muscie
(Walton 1973a) and data to be discussed in the folloyving chapters
have led investigators to a critical timé in dystrophy research;
elucidat.icn of the étiology of the disease.

While it has now become possible to diagnose muscular
dystrophy and some degree of stab‘ility has been achieved in its |

-

-5 -



TARLE I
CLASSIFICATION OF THE MUSCULAR DYSTROPHIES
I. “"Pure" Muscular Dystrophies '
a. Sex-linked miscular dvstrophy
severe: Duchenne type
benign: Becker type
b. Autosomal recessive muscular dystrophy
limb—girdle type
c. Autosomal dominant ruscular dystrophy
fascioscapulochumeral type (FSH type)
d. Distal muscular dysﬁrophy
e. Ocular muscular dystrophy
f. Oculopharyngedl muscular dystrophy

HI. Autosomal Dominant Myotonic Dystrophy



classification the direction of future research hinges on *the
defining of the primary site of action of the re'sponsible genetic
lesion. By our modern co;'lcepts, a genetic lesion would imply a
protein (enzymatic) abnormality(s). But whether this abnorma-lity

occurs at a neurogenic or myogenic site still remains highly

contested.



II THE ETIOLOGY OF HUMAN DYSTROPHY : MYCXEENIC VS NEUROGENIC

Muscular dystrophy hés been primarily considered as a
classical myecpathy i'.e.. a disease that originates within the
miscle fibre itself. This has been the situation historically
(Meryon 1852, Duchenne 1872). Recently, however it has been shown
that -at a stage when the muscle fibres show signs of severe
degenerat‘:ion their axons and spinal cord appear normal (Meier and
Southard 1970). |

But appearance of normality and normality of function do
not ﬁecessarily go ha:nd in hand. This has been the basis for a .
recent challenge to the myopathic hypothesis 1in the form of a
heural hypothesis for dvstrophy {McComas et al 1971).

For many years the mfluence of nerve on muscle in terms
of 1its lelectrical impuls.e patterns (Buller, Eccles and Eccles
1960, Vbrova ;L963 , Salmons and Vorova 1969) and the less precisely
defined trophi'g’ biochemical influence (for review see Guth 1968,
Lewis 1972 and Gutmann 1976) have been known.

Guth (1968) defined trophic influences of nerve on
mauscle as "those functicns of the nerve thatz at'fect or regulate
the metabolism of the muscle cell". Because QE t.he compelex nature
of this revlationship one could envision a metabolic defect of a

motorneurone which produces no morphologic alteration in itself,

but, which results in disorder for the muscle fibre (presumably
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via an altered trbphic effect). Rec'ently‘,. eféeriments have shown

the existence of a tr:am'éport.of various proteins from fuscle to
nerve (H3—lysine lapelled proteins, Watson 1968, and ho'rseradish
'peroxidase (HRP), Z?e

provide tt;.e possible mechanism for a trophic influence of muscle
on nerve. We must therefore 'c:t_ancede a primary genetic defect in
the muscle fibres could give rise to its degeneration and induce a
'rnajor abberation(s) in the motorneurone. This couJ:d sul;sequently
result in further myopathic degeneration.

Some experimenters have begun to question the myopathic
~origin of dystrophy. Even early workers in the 1900's on the
gross observation of the selectivity ‘of musc}gs affected by the
various dystrophies. su:;;gested the involireﬁﬁt_: of a néural

»

component.

The chief proponent of a neural hypothesis was McComas
who formulated a "sick motorneurone” hypothesis (McComas et al
1971). Their mr{c hinged on an indirect method in which they were
able to estimate the numbers and sizes of functioning motor units

in a miscle. -

McComas reasoned that if dystrophy were a myopathic
process and muscle fibres were affected in a random fashion (this

may in fact be unttue see Chapter V] one would expect to see all

motor units being affected. However, in the early stages of the

ristenssen and Olsson 1971). . These data

g
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disease tﬁefe shoul'd still be a full complement of motor units,
though their mean size would be reduced. With progression of the
disease,. more miscle fibres would degererate and eventually some
motor units would lose all of their muscle fibres or beéome\ SO
small they could no longer be detected. The numbef of functioning
motor upitis would decrease b_ut' concemitantly the. mean sizes of
motor units remaining would become significan.tly less.  With
further progression additional motor units are lost while the
survivors mean amplitude would” “be ‘even smaller. This can be
expressed graphically in Figure lb (after Mcfomas et al 1971)

If however one considers ‘t.he_ case of a chronic
denervating disorder (indicative  of ~a neural abrormality) a
different picture evolves for dystrophy. While the number of '
motor units would decrease as the disease progresses, one would
expect the average unit size to increase due O oollateral
innervation by surviving motorneurcnes. In this way ;c,urviving
motor unit territories would be expected to increase by the
capturing of still functional iz;ut now denervated muscle fibres.;
ideally this is represented in Figure la.

_Using the motor unit"counting (estimating) technique in
patients with various dyétrophies, McComas reporteii losses of

functioning motor -units with the remaining ones having normal or

only slightly reduced numbers of ingirectly estimated muscle

- 10 -



FIGURE 1

Figure 1 shows the predicted éhanges in motor unit size
as a result of*a) chronic denervation and b) a random myocpathic
' disorder. (After McComas et al 1971).

Q.-
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fi?res. On-the basis of this observation and the previoué lines
of thoughg\he proposed the "sick woﬁorneﬁrone" hypothesis which
expounded a neural defect for myotonic dystrophy, llnb-glrdle and
FSH types ané Duchenne dystrophy (Eor review see McComas et al
1974).

This hypothesis suggests that motorneurones may exist in
three states: healthy, dead and a previcusly cmerlookei state
between théga two extremes in which the neurone is-dysfunctional
or,'in other words, sick. Heaiihy motormeurcnes he defined as
being able to maintain all the muscle fibres of the motorunit in
terms of conduction of impulses, trophic influences, etc. As
well, they have the abilit§ to successfully establish collaterals
with any denezfvated fibres and can therefore enlarge their motor
unit territory. This can clearly be seen in partial denervation
of ruscle.

Sick motorneurones have difficulty in satisfactorily
maintainiqg’the viability of their muscle fibres. In additiOn,r
although each motorneurone may command a normal or slighﬁly
réducaﬂ number of mascle fibres they are unable to successfully
send out collaterals to reinnervate denervated muscle fibres.

Dead motorneurones -exert no excitatory or trophic

influence on muscle fibres.

McComas' observation of motor unit rurbers and sizes

- 12 - ! —~



does not reflect a myopathic progression but resembles a modified
denervation phencme in which remaining motorneurones are sick
" and therefore unable’to incorporate denervated muscle fibres into

their motor unit territory via axenal sprouting.
L3 -

This hypothesis< therefore suggeslts a neurogenic defect
i.n muscular dystrophy. This subsequently manifests itself in
muscle and the resultant myopathic cbservations are a seéondary
expression of Ia priméry neural lesion.

The principle of the estimating method is to compare the
sizes of potentials generated by individual motor unit discharges,
through graded stimulation of the nerve, with that of the whole
miscle. The mean motor unit size is estimated by averaging the
first 10-l2 putative motor unit responses. This value is then
divided into the maximal muscle response thereby giving an
estimate of the number of functioning motor units preéentl.

McComas makes four assumptions that are necésséry for

«
this technique to be valid. They are:
1. electrical activity is derived from a single muscle;
2. the incremental responses evoked by graded stimulation
correspond to the activation of succegsive individual units;
3. the evoked motor unit potentials surmate algebraically; and

4. the motor unit potentials use€ in the calculation of the mean

votential amplitude are representative of those generated by



the total pbpulaﬁion of units.
The validity of this Eechnique‘.has been strongly
criticized. ~ |
Desmedt and Borenstein (1973) have questioned the use of
the EDB muscle on tne basis thét it exhioits neurcgenic changes
even in normal young subjects with no history of neufoldgical
disease. '
~ Panayiotojoulos et al (1974, 1975) suggest that the
npise level of tne recording system of McComas was sufficiently -
high as to obscure the small amplitude MUAP's (muscle unit action
potentials) that electro 1qw9graphic- data suggest exist. They
. question whether the increment;i responses 0 graded stimuli
correspond to activation of single units by pointing out the
possibility of two motor units of the same threshold being mapped
as one. This raises the question of whether the first 10-12
putative motor unit ;otentials ﬁsed to determine the mean MUAP
value are representative of the total unit population. This point
has also been questioned by Feasby and Brown (1974).
Using a method of superimposing enlarged photographs of
motor  unit  responses and analysing these by computer
Panayiotopoulos and co—workers claim to be able to distinguish and

count the very small units. Otherwise, they have used essentially

the same technique to estimate motor unit numbers but have arrived

- 14 -
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at an opposing oonclusion to McComas. ,They demonstrated no
siénificant ‘difference between the numbefs‘ of motor units in
patier_mt;. with Duchenne dystrophy and controls but showed both the
mégimal muscle response and the average MUAP to bé_significantly
reduced with dystrophy. In patients suffering limb—girdle
miscular dystrophy (1975) they could show no evidence of a
functioﬁal loss of motor units and concluded their results were in
accordance with the traditional concept of é myogenic origin for
dystrophy. ‘ |

Their technique still rgguires the same‘assumptions as
McComas.  They claim to overcome the most significant problem

p

(noise obséuring small amplitude MUAP) by photographing many
responses, superimposing the enlarged photographs and analvzing by
2 oonmputer of average transients. This enables responses of
similar amplitude to be more easily discriminated and thereby
nminimizes missing small amplitude MUAP. However, Ballantyne and
Hansen (1974) point cqut that whether analysed by eve or by on-line
computer criticism of this method is still valid. |

Parry, Mainwood and Chan (1977) h.ave demonstrated on
theoretiéal grounds that the necessary conditions for algebraic
additivity of MUAP's are not met. In the hypothenar group‘an
underestimate of 26% of the number of rnoto'r units was found.

-

Since McComas (1974) observed a decrease in rotor unit numbers of

~ -15- .



36% in thg hypothenar group of dystrophic patients this may be
significant. This criticism applies equally to Panayiotopoulos's
work.

Therefore while the method of motor unit estimation is a
valuable tool, its results are vari.able and can only be taken as
indicative and not conclusive. -

"~ Considerable debate has centred around ‘ this
neurogenic approach to dystrophy and several diverse ard
suggestive lines of 'investigation have arisen due to this

hypdthesis. -
| Because most expefimnts are not able to be carried out
using human dystrophics, it becomes necessary to have experimental
models that represent the human situation from which hopefully

- valuable information can be attained.

-1 -
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III THE MOUSE MODEL

One of the greatest difficulties man faces in his quest
to undérstand himself and his afflictions is his ability to cbtain
useful experi:mental models. Without such models, man's résearch
is llmlted to observation and theoretical cnnjectur-e. This has
been the case--with the muscular dystrophies. Rélying on

superficial - observation, autopsy vresults and surmize, the

advancement of knowledge in this disease has been slow and yet

' still'quii:e remarkable; a tribute to the integrity and astuteness

of early scientists in this field. However, with the emergence Of

several animal models research has progressed at a tremendous
rate.
Several animal species with inherited muscular dystrophy

are currently being -investigated. These include the domestic

chicken (Asrundson and Julian 1956}, in which dystrophy exhibits a

preferred involvement of the pectoral muscles, the Syrian hamster
and relét:.ed lines (Homburger et al 1962) and more exotic creatures
such as the turkey, mink and Peking Duck (Hadlow 1973).

However, the most widely studied animal model is the
cormon house mouse. This model may be the most useful since its
clinical features of dystrophy most closely resemble human
miscular dystrophy. Still, debate contiﬁues regarding the

relevance of these models for human forms of dystrophy. Mendell-

- 17 -



et al (1979) feviewed £helrelevance of genetic animal models to
human nuscula} dvstrophy. They locked at cﬁaracteristics of early
muscle fibre breékdown i.e. Horséradish peroxidase (HRP) leakage
into cells, Ca+2 accurulation, and the similarities and
differénces in the overall "dystrophic™ prbcess between various
animal models and the human muscular dystrophies. They concluded
that while no animal model totally mimics the human disorder each
offers éignificang contributions to our understanding of dystrophy
and this is.particularly true of the mouse model.

In 1951 at the R.B. Jackson Memorial Laboratory (Bar
Harbor, Maine) an autosomal recessive mutation appeared within the -
colony of inbred stra'in 129 mice. It was characte.rized by a
progressive ataxia, atrophy and hindlimb paralysis. o
demonstrable pathology could be found in any examihed neural
tissue.: However, muscle tissue showed loss of striations,
necrosis, va;iation in fibre size, fibre rounding and central
nucleation, all compatible with Erb's classical definition of
miscular dystrophy.

Because this so closely resembled human ' ruscular
dystrophy, the most notable difference being the lack of fat
infiltration. and the non-sex linked genetic background, this
hereditary myopathy was termed “"dystrophia muscularis”. The

genetic symbol "dy" was aésigned and description of the afflicted

- 18 -
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mice was therefore 129_ ReJ dy/dy (Michelson et al 1955).

Due to the rapid onset, progression and sevérityr of this
disease successful breeding of homozygotes is virtually impossible
unless special precaution-s are taken (Butler and‘Cosn'os 1977}).
One .must therefore " breed heterozygotes (dy/+) and use the 1/4
dy/dy progeny. " Thus, because it is not possible to recognise the
mice of dy/dv genotypes before the age of 3 weeks one cannot :study
the very early ontogenic stages. At the time when afflicted
individuals .can be identified the disease state is quite
advanced. This makes this particular strain very difficult to

KRS

work with.

More recently a newly discovered hereditary myopathy in -
inbred WK/ReJ mice, resembling the early dy mutant, has been

reported_ {(Meier and Southard 1970). Since "the two mutations
represent separai:e alleles at the same gene locus, by genetic
nomenclature this new allele was de.signated,"dyw". 'I‘hls genetic
trait;- also autoscamal recessive, was subsequently transferred to
the strain C57BL/6J and therefore afflicted ind'ivi;duals have the
title CS57BL/6J dy2J/3dy2J. It is this strain of mice that were
used throughout the experiments reported in this thesis. Although
the two mutant genes dy and dy2J, ‘are allelic, the progression and

degree of severity of the disease differs drastically. With a

iw

much later onset and progr‘ession of clinical symptoms in the Ady2J
Y

- 19 -



mice, both affected males aﬁd females reach sexual maturity and
may successfully breed. This provides an enormous advantage over
129 ReJ mice. S .

The clinical signs of éystrophy can be detected at
approx:mately 2]l days of age. The hindlimb musculature seems to
be principally affected and progressive muscle weakening soon
leaves the hindlimbs useless and in a paralysis-like state.
Accompanying this is a sporitaneous spastic tw'%tching of the
hindlimb and pelvic rusculature. This phencmenon may take on
importance in the expression of the dystrophy in these rwuscles.
The wasting process is paralleled by an arching of the spihe as
abdominal and spinal ruscles weaken. The afflif:ted mouse drags
itself by its forelimbs, which though cleariy histologically
dystrophic do not exhibit the spasticity of the .hindlimbs
(personal observation). As the disease progresses the fur thins
and obvious wasting occurs. Still, these mice are capable of
living in excess of 1 year with proper conditions.

With thé availability of such a model a much more
comprehensive understanding of ruscular dystrophy has become
‘possible. However, it must be noted here that while many
sinilarities exist (&Qnically, histologically, biochemicaliy and
physiologically, see aAnn. NY BAcad. Sci. Vol 317 1979) between
lmurine dystrophy a.rjd human muscular dystrophies the two may not

R

- 20 -



necessarily be related in terms of their primary genetic defect
and exprge'ssion. Still.no substantial evidence has been presented
to indicate this model as unacceptable and therefore a rore
complete ‘understaﬁding of murine dystrophy can only lead to a

better understanding of the human dystrophies.

.
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IV THE ETIOLOGY OF MURINE DYSTROPHY: MYOGENIC VS NEUROGENIC

Together with McComas' neurcgenic hypothesis, rééently
. documented abnﬁrmalities of the peripheral nerves and
neurcmuscular junction in dystrophic mice has. sﬁrengpheneé the
inclusion of a neural lesion_ in the etiology of murine ruscular
dystrophy. For example the proximal amyelination of the sciatic
nerve and its s?inal rootlets (Bradley and Jenkison 1973, Stirling
1975a, Bray and Aguavo 1975) may be part of the phenotypic
expression of the dy gene manifested through a Schwann cell
abnormality. As well,. altered axoplasmic transport oﬁ neural
metabélites and proteins (Xomiva and Austin 1971, Tang, Komiva and
Austin 1974) in the sciatic nefve of dystrophic mice have strongly
suggested abnormal motorneurone activity. This may have a direct
eﬁfect on the post junctional changes seen in dystrophic nuscle.
Both Ragab (1971) and Gilbert et al (1973) observed an altered
ultrastructure of the end plate region in dystrophic mice. They
noted significant decreases in the number of synaptic vesicles and
a reduction in number and complexity of post junctional folds.

In orde; to determine if such neural abberations cause
or are major contributors to the dystrophic process, experiments
to directly tést the etiology of the disease have been devised.
The first attempts to elucidate the genetic lesion of murine

dystrophy came in the form of ruscle transplantation experiments.
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Salafsky (1971) using minced muscle transplants between normal and
dystrophic mice claimed that dystrophic muscle took on a normal
appearance (in tgrms of measured contractile pnopert;es) when
‘transplanted and allowed to regenerate in normal hosts. The -
opposite occured to normal muscle minces regenerated in dystrophic
hosts. He concluded that dystrophic miscle was\fendered defective
by the environment of tﬁe dystrophic‘nouse and therefore murine
muscular dystrophy is not a primaéy myopathy. This sugéésteﬁ a
neural lesion for dystrophy that probably resides within the
motorneurone and fesults in the synthesis and/or transport of
defecﬁive trophic substances which produce 1in  muscle tﬁe
characteristic changes associated with muscular dystrophy.

In a similar experiment Hironakg and Miyaﬁa (1973h,
1975) transplanted whole extensor digitorum longus (EDL) muscles
rather than minces. Their results suppérted Salafsky's
Observations and conclusion that dystrophy 1is not a primary
myopathy but most likely a failure within the nervoué system.
However, in both these cases a major criticism arises in the fact
that regenerated muscle tissue may originate from cells remaining
from the host muscle .which had been removed or from host
neighbouring muscle rather than from precursor cell;>derived from

within the transplant.

Neerunjun and Dubowitz (1975) investigated the source of
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regenerating cells by transplanting minced dystrophic and normal
anterior tibialis rmuscle labelled with tritiated thymidine into
normal unlabelled' hosts. Both autoradiography and radicactivity
counts showed that the transplanted muscles were regenerated from
‘nuscle cells derived from within the domdr tissue. IE would
therefore seem likely that nomnal motor innervation determines the
state of the regenerated transplanted dystrophic ruscle as .
| proposed by Salafsky. This is further supported by the fact.that
the dystrochic environment does not support the regeneration of
either normal or dystrophic transplants (Neerunjun and Dubowitz
1974 (in hamster) and 1975 (in 129 ReJ mice)). '

But the transplantation éictune is by no means
definitive. Bradley, Jenkison and Montgomery (1975) point out
that the extent of the abnormalities in muscle regenerates makes
interpretation of trends towards normality in previously
dystrophic muscle and vice versa virtually impossible. -

On the othér hand work emanating principally .from
Cosmos' laboratory has provided evidence against a neural
involvement. Her transplantation studies have involvedlnot only
dystrophic mice but dystrophic chickens. In the latter model they
concluded that the dystrophic abnormality was. inherent 1in the
ruscle cell (dosncm; and Butler 197la, 1972). In an elegant

experiment to eliminate the possibility that a neuronal influence
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may be pre—established during embryogenesis they transplanted
pectbral. muscles from 12 day embryos to newly hatched chicks.

Here the host oould not alter the characteristics of the

regenerates.

In transplation studies of the nﬁhced gastrocnemius and
anterior tibialis of 129 ReJ littermates Cosmés {1973) and Cosmos,
Butler and Milhor&t (1973) were again unable to confirm Salafsky's
conclusion. They followed the structural changes of minced
transplaﬁts over a period of 9 - 36 weeks. Dystrophic musclé in
normal hosts showed no regeneration and tfansplants were |
eventually 'infiltrated with fat and oconnective tissue. The
environment of the normal host couid not prevent the degenération
of dystrophic transplants. Normal transplants in dvstrophic hosts
were maintained in a state closely resembing normality. Since the
dystrophic enviromment did not totally inhib;t normal | transplant
regeneration and in view of the embryonic chick studies, dystrophy
a?peared to be a myogenic disorder independent of neﬁral
considerations. Physiological measurements of similar transplénts
confirmed the morphologic and histochemical findirigs (Hsieh et al
1973). ) -

Because of conflicting results and questions as to the
validity of using tranépiants of whole and particularly nminced

rmuscle more clear cut and definitive techniques have been sought.
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One such .Rromising line has been the use of tissue culture
techniques = vide an in vitro system to examine the

neurotrophic effec%:s, if any, of spinal cord on developing
dystrophic muscle. Paul and Powell (1974) have examined the
morphologic development of ooupled cultures of normal and
dystrophic embryonic cord with normal and. dystrophic adult rouse
muscie {strain dy) in an attempt to analyze their regenerative
capabilities.

Regeﬁeration of‘ teased muscle strips (normal or‘
dystrophic) was virtuélly non—existent in cultures devoid of fetal
spinal cord. 1Initial cellular wtngth from spinal cord sections
of both normal and dystrophic explants were similar. Dystrophic
muscle initiated myotube formation (regeneration) statistically
sooner than normal muscle fragments in the presence of either
nermédi,l":ror dystrochic spinal cord. This may however merely be a
reﬁléction of more myogenic cells being available in the
dystrophic muscle. Dystrophic myotubes were however incapable of
ma:;uration unlike normal myotubes, irrespective of the type of
cord present in the culture. They suggest this would inaicaté
normal fetal cord does not exert a "curing” effect on dystrophic
muscle regenerates nor does the dystrophic cord interfere with
normal regeneration. ‘Hanburgh et al (1975), using the same type

of culture system, came to the same conclusions using the dy23
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strain of mouse. They 'did however demonstrate maturation of
dystrophic myotubes in the presence of both normal and dystrophic
cord cultures. Degenerative changes did not appear in dystrophic
cells until approximately 50 days. This may be related to the
differences in the degree of severity and rate of onset of the two
strains of dystrophy (see Chapter II). It therefore seems that
neural influence is necessary for regeneration, but the type of
influence has no subsequent effect on the phenotypic expression of
the regenerate. |

In a similar study involving chick cell cultures Peacock
and Nelson (1973) were able to prepafe. cultures of dvstrophic
myotubes from éectoral muscle to which they added neurones fram
" either dystroohic or normal embryos. Under both conditions they
showed a high degree of synapse formation and electrical coupling
between nerve and muscle cells. However, no cbviocus irprovements
of dystrophic myotubes when innervated by normal cord as compared
to dystrophic cord inmnervation could be shown. These culture
experiments, though involving different strains of mouse and
species (chicken), still al“i point to a rnyogenic and not

neurogenic etiology for the disease. <

There is however coposing evidence. Gallup and Dubowitz
(1973) demonstrated that regeneration of normal and dystrophic

mouse muscle in culture is influenced by the genotype of fetal
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" mouse cord éresent. It must be pointed out that ,no explanation
for the differences in results reported between these and other
workers has been Eade and both experiments appear egqually wvalid.
Paul and Powell (1974) themselves point out the difficulty of -
reconciling such conflicting results.éue to the large numbers éf
variables between experiments (see their discussion)._

In the presence éf normal spinal cord Hamburgh (1972)
demonstrated both normal and dystrophic rwuscle fused to form new
muscle fibres with well developed cross-striations and ﬁé;ipheral
nuclei. Fibre groups demonstrated. spontanecus synchronous
contractions with activity maintained throughout the culture time
(7 weeks). No difference could be seen between normal and
dvstrophic muscle in this culture except, as previously seen, a
slightly quicker and greater regeneration occured with dystrophic

cié In contrast, muscle coupled witlh dvstrophic spinal oord
showed an initial cellular regeneration response (in the first
week) but was quickly followed by degeneration and loss of ruscle
elements leaving only strands of connective tissue. | Both
significant quantitative and qualitative differences coould be
shown between myotubes and muscle fibres coupled with'normal and
dystrophic cord. These workers concluded "that murine dystrophic

muscle behaves morphologically quite normally when regenerating in

the presence of normal spinal cord; and that regeneration of both
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normall amd dystrophic mscle is séverely affected when ooupled
with spinal cord ﬁman'dysﬁropﬁic ndce.i The staté'of miscle is
therefore dominated by the spinal cord."

_Tissue culture too then .has yielded inconsistent
results. The artificial culture conditions - and ﬁhe vast
difference in the stage of progression of dystrophy between cord
and rmuscle explants may account for, or contribute to, this
inconsistency. It doeé however, seem clear that a humoral or
vascular etiology ﬁay be discounted.

A more T"natural" experimental approach to study
nerve-muscle interaction is the technique of parabiotic’ cross-
reinnervation. This avoidé the criticism of muscle transplant
experiments. It allows the motorneurone cell bodies to remain
undisturbed in the donor spinal cord (a2 possible site of damage
when these are removed for tissue culture} and enables the
recipient muscle to be neither surgically injured nor deprived of
cilrculation.

Douglas (1975) and Montgomery (1975a) both independently
studied in detail the physiological parameters of self-innervated
and cross—reinnervated N- N, dy- dy, N éy & dy- W (donor
© motorneurone— recipient muscle) parabionts. Reinnervation was
assessed to have occured by sensory and motor reflex testing and

was first detected in all parabionts by approximately 30 days post
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surgery. This time for reinnervation to occur is in égreement
with that observed by others (Guth 1956, Parry 1979). After 180 -
190 days post surgery, animals were examined for -experimental
parameters and histochemistry. To be sure mscleé, were fully
functionally reinnervated two criteria were utilized. First
muscles were tested for response to indirect stimulation of the .
Cegrown nerve. Secondly, in both groups nbrphologic and
histochemical analyses were made (Douglas and Cosmos 1973, Johnson
and Montgomery 1975b). Reinnervation was indicated since fibre
type grouping did occur. This is taken as evidence of successful
reinnervation (Kugelberg et al 1970). In addition end-plate
formation typical of normally innervated muscle was' demonstrated
by acetylcholinesterase staining.

The time period prior to physioclogical measurements
appears to have been sufficient for donor nerves to impress their
effects on recipient muscle since differences between twitch and
tetanus responses of -group. N- N, self-innervated normals,
unoperated normals and group dy- dy, self-innervated dystrophics
and uncperated dystrophics were statistically insignificant within
each group.

Dystrophic nerves showed no problems in their ability to
reinnervate despite regions of root and nerve amyelination -ana

disturbed axoplasmic £ldw. I;should be noted that the site of
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nerve transection in the peripheral portion of the’ sciatic has
been shown to be morphologically normal (Bradley and Jenkison
1973).

Most inportanﬁ, dystrophic muscle cross-reinnervated
with normal nerves having presumptive normal neuctrophic anzi
electric activity showed no differences from dy— dy parabionts.
As well dv-N cross-reinnervates developed to normal unoperated

twitch and tetanus levels.

-

The results of these experiments agree with earlier
transplantation experiments by Cosmos' group and again fail to
support a neur:ogenié expression of the dy gene. A primary
ryopathy is 'indicated.

Montgomery and Johnson (1975a & b), fromrthe rmorpholegic
point of view, concluded that the introduction of a dystrophic
nerve into a normal muscle does not result in induction of
dystrophic changes in the recipient muscle. At the same time, N-
dy cross— reinnervation does mot induce any "curing" effect on
recipient dystrophic muscle. Like Douglas and Cosmos (1973) they
" saw no difference in muscle weights within groups N- N, dy- N and
dy- &y, N- dy. ‘This is a parameter that is ackmwledge;i to be
‘under neural control (Gutmann 1962). In terms of iscmetric twitch
characteristics (twitch tension, Pt; time to peak tension,

CT; half-relaxation, iRT; and tetanic tension, Po) no statistical
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difference within the following groups could be sh_own;

| a). uncperated N, self-innervated N, N- N, dy- N and p

b) k.unoperated dy,' self-innervated dy, dv- dy, Ui~ dy.

' In combination with their histochemical findings a
neurogenic etiology for muscular dystrophy could not be -upheld.

In an elegant derivation of this experiment Law et al
(1976) used a double crossed preparation in which the slow solei
of parabionts were cross-reinnervated with the "fast" tibial
nerve of the partner.

This method allows on'e to more directly assess the
neurotrochic effects of a "fast" nerve on a slow muscle and
observe specifically the influence of this nerve on dystrophy.

Normally slow muscles like soleus do not exhiiqit any
post tetanic éotentiation (PTP) and have contractile paraneters
i.e. CT, iRT that are markedly slower than fast rruécles such as
EDL. On cross-union of nerve with muscle it has been observed
that the muscle characteristiés (contractile and histochemical)
convert to those of the type of innervation it receives i.e. slow
soleus converts to fast properties when innervated by a "fast"”
nerve' (Buller et al 1960, Close 1963}. 1In this study the slow
soleus of the normal parabiont cross-reinnervated by the "fast"

tibial nerve of the dystrophic partner, as well as the opposite

cross (N- d&y), showed a PTP and decrease in CT and IRT.
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Histochemically, the cross-reinnervated ~ ruscles showed a
conversion of fibre type to one resembling fast muscle (i.e.
appearance of‘pale SDH-staining fibreé). It therefofe seems clear
that dystrophic nerve can supply the neceséary neurotroéhic and/or. '
nerve 1impulse-related activity to support muscle and the
cross—reinnervated muscles - are capable of responding %o this
re;innervation.

From their histochemical studies however, it was clearly
shown that normal nerves could mot arrest the dystrophic process
nor can dystrophic nerves irmpose dystrophic characteristics on
cross-reinnervated normal ‘solei.

. The elegance of ﬁhese experiments lies in the
demonstration that the dystrophic nerves are ‘capable of exerting
normal neurotrophic influences but these nerves are 'incapable of
inducing dystrophic characteristics in normal muscles. A
neurogenic etiology is not sﬁported. )

Criticism of these experiments with regards to the stage

of progression of the disease in relation to its first detection

for-éxperimentation and the need for surgical preparation-rra];es’ﬁ"”
more ideal situation desirable. One such ideal would be to study
genetically dystrophi.c muscle innervated by a normal neural input
or genetically normal muscle innervated by a dystrophic nervous

*

system in a naturally occuring system. Though this might at first

- 33 -



seem more like science fiction, Peterson (1974) has been able. to
do so with the mouse chimaera model.

Chimae;ras are derived from aggregating embryonic cells
of different genotypic backgrounds. In these experiments normal
C578l/6J and dystrophic C57Bl/6J dy2J mice were uséd. The mosaic
morula produced by aggregation is celtured -until the single
blastocyst stage ( 24 hrs.) and then transférred to pseudopregnant

females for complete development. )

If muscles of identified dystrophic genotype can be
found that have normal characteristics it would suggest a non—
myopathic origin for the dystrophy. If geneti.cally normal- ruscle
shows _dystrophic characteristics this too would then support an
extramuscular origin for the disease.
| The primary reguirement for these experiments is an
unambiguous genetic marker with which to determine ruscle
genotype. Several such markers do exist. Peterso‘n chose to use
the electrophoretic iscenzyme pattel;'n of the m.a.lic enzyme. He
observed, 1in some chimaeras, muscle whose genotype was 83%
dystrophic but showed no detectable abnormality (only occasional
central nuclei). Co'nversely, miscle from a chimaera- of
no detectable dystrovhic genotype showed extensive fibre
degeneration .and central nucleation. These results are not

compatible with a myogenic etioclogy. Still, criticism that
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sufficient normal nuclei may be retained within mostly dystrophic
- £ibres and therefore are somehow capable of preventing dystrophy
make these results only suggestive and not conclusive. ‘
: .

We arrive then at a tire where it appears naive to ask
the guestion "Is muscular dystrophy myogenic or‘neurogenic?". and
expect a_ simple answer. This complexity may be attributed to a
poss'il?:lfga éleiotropic expression of the primary genetic lesion or
it ;-:\ay be a result of differ:enées in the.animal model as a model
for human muscular dystrophy. Howe&elr, until a complete

understanding of the animal model is achleved, our understanding

of its application to human dystrophy must remain limited.
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V_ DYSTROPHIC MUSCLE

i) PHYSIOLOGICAL EFFECTS OF DYSTROPHY .

- The prihcipal effect of the ‘gene defect 1in musculaf
dystrophy has been felt to be skeletal muscle wasting. As
discussed the myogenic etiology has been challenged by a neurcnal
hypothesis. However, regardless of the etiology, skeletal muscle '
is devastated by ;his disease. To better understand muscular
dystrophy, its mechano—chemical effécts, etiology and progression,
it becomes impdrtant to understand how its apparént main target,
skeletal muscle, is affected. Questions arise'regarding whether
extrinsic factoré (e.g. increased connective tissue) or intrinsic
factors (e.g. active state)} are the target rvesulting in the
altered nechanics. of afflicted muscle. How & the mechanical
properties of muscles alter with the progression of dystrophy?
Are tnese alterations the same for both the 129 ReJ ay and C57
81/6J dy2J strains? These are the types of qﬁestions that have
led workers to investigabe the ghysiological effects of dystrophy
on skeletal muscle.

With the early discovery of the dy form of dystrophy,
considerable work hés evolved regarding the effects of muscular
- dystrophy on muscles of the 129 ReJ mouse. It will be seen in
this discussion that relatively little work has been reported for

mice of the dy2J strain .(the strain used in- this study). Still,
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sufficient data do exist to enable a good basic understanding of
what, dystrophy is doing to skeletal muscle in these two strains

and what differences exist between the two in terms of the effects

-

ot dystrophy.

' In attempting to summarize the data évailable and
determine its significance it nay be easiest to approach this
topic in a chronological manner.

buring the late 1950's and the 1960's Sandow and Brust
(1958, 1962) studied various aspects of the nmuscle mec;hanics of
the 129 Red mouse. ;I‘hey exa;nined excised, whole field-stimlated
gastrocnemii and teased gastrocnemius muscle strips. From theif
data Sandow and Brust (1958) concluded that in comparison to

normal muscle, dystrogchic muscle fibres are inherently -altered so

that their rates of development of tension and fall of tension are

significantly reduced and their active state plateau is of shorter

duration. ~It is this reduced duration of activé state that may
account bota\lly, or at least in part for the reduced tension and
rate of development they saw in .dystrophic' gastrocnemius ruscle.
The extended . }RT théy felf was due to an alteration of that part
.of the mechaniém of the contractile system responsible for
relaxati:on (Ca_+2 reﬁptake, which has subsequently been shown to be
reduced in dystrophic muscle, Sreter et al 1964, Sabbadini and

Baskin 1976, Mrak and Baskin 1978 a & b). In a follow-up paper

- 137 -



(Sandow and Brust 1962) the changes in gastrocnemius with the®
onset of fatigue in both the twitch and tetanus were examined.

w

Quite unexpectedly their data showed that dystrophic muscle was
ruch less fatiguable than normal :nusde.'. In order to be sure this
Was not an artefact of poor diffusion between the muscle and the
bath, in some experiments they use¢ teased strips of normal
gast‘romemi‘us that approximated the size of whole dystrophic
ruscle. Experiments on normal whole and teased strips revealed no
differences between the two.

Examin-ing a twitch series for fatigue (stimulus l/sec
for 1200 twitches) they saw that the peak tension ou;put for
dvstrophic muscle was rather constant, dropping steadily by only
20% ovez;' the test Zatigue, whileé normal ruscle tension fell off
. rapidly \by 90% after 600 twitches. This :strongly indicated
dystrophic muscle was much less fatiguable than normal muscle.
Loocking at the fatigue during tetanus they saw that the tetanic
tension output .of dystrophic muscle was less rapidly decreased by
activity than normal muscle. These results, for gastrocnemius
subjected to a long series of twitches and tetani, show the
fatigue pattern of dystrophic muscle is markedly differenf fram
normal rruscie.' Dystrophic muscle is less fatiguable to both a

series of twitches and tetani.

From these observations Ehey noted that the slow rate of
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decline of twitch tension that prevailed over the test series in
dfstrophic muscle was similar in appearance to the very late

portion of fatigued normal muscle, suggesting that rested
dystrophic muscle is ‘generally already in a state similar to the
normal fatigued muscle and that this may mean that the
~ transformation of normal to dystrophic muscle in mouse results
from. the conversion to new properties resembling those of slow
ruscle. This concept of a conversion of muscle properties
prompted a2  oconparative investiga‘tion between the fast

gastrocnemius and slow soleus muscle (Brust 1966), and was the

first investigation of a slow dystrophic muscle type. In all

Q_measured parameters (Pt, Po, IRT, muscle weight, fatigue and
duration of active state pléteau) soleus was elther unaffected or
significantly less affected than gastrocnemius.

Brust (1966) made several conclusions from this and

prior studles. Firstly, the physiological effect of dystrophy -on

slow muscle was more limited and less severe than that in fast.

muscle.  This suggested to him 2 sparing of slow muscle from
dystrophy. Secondly, the priinary effect of dystrophy was to shift
the characteristics of fast muscle towards those of slow muscle.
Other evidence to support this hypothesis has come from
blochemical studies of staining of lactate déhydrogenase (Fahimi

and Roy 1966). Their results suggested that the "white" fibres
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(fast ‘fibres) in-the 129 ReJ mouse were primarily affected by
dystrophy. |

o In a morphologic study on muscle fibre growth, Rowe and
Goldspink (1969) showed that although soleus was affected to the
same degrge as anterior tibalis and EDL (both fast muscles) in
terms of muscle weight loss, it was sp&red in terms of total fibre

nuber loss, mean fibre Jlameter reduction and total fibre

cross-sectional area change. Their results demonstrated a clear
derangement of orderly relat{.ionships found in normal muscle but
indicated the slow soleus to be significantly spéred. .

Shafiq et al (1969) presented a detailed s'tudy of muscle
fibres of both fast and slow type in normal and dystrophic 129 ReJ
mice. Deger{erative effects could be seen in both the_slow soleus

. and fast EDL and gastroé:nemius though they were very much more
~pronounced in the fast muscle types. ~ By lécalizing calcium
oxalate deposits as a measure of Ca+2 uptake, they noted a greater
accurulation of Ca+2 in the FEDL fibres than in the soleus of

" normal mice. In dystrophic EDL fibres the uptake of Ca+2 was
judged o be significantly less while no alteration occured in the
dystrophic soleus muscle fibres. Concomitantly dystrophic EDL
exhibited an increase in the number of its mitochondria while

dystrophic soleus showed no alteration. Again slow muscle fibres

seemed to be spared from dystrophy while there appeared to be a
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conversion of features in fast muscle that caused them to rese:rble

slow ones.

Tayior et al (1971, 1974) examined the ocontractile
properties ot the soleus muscle of normal and dystrophic 129 ReJ
mice with the progression of the disease. They saw a significant
reduction in muscle weight, muscle length and cross—sectional area
between dystrophic and normal muscle. As others had noted tension
and dP/dt were signiticantly reduced. In contrast to Brust (1966)
however, TaYlor and co—workers saw either no change or an'increase
in the duration of active state coupled with an increased RT. 1t
may be that the less efticient sarcoplasmic reticulum oOf

dystrophic muscle (Sreter et al 1967) méy result in the longer

active state plateau and increased #RT seen. They concluded that

the mechanical alterations of dyts;trophy in soleus are not due O
an abnormal shortening ot the active state (since this was ;:ot
seen) or an incomplete tusion at stimclus frequencies equivalent
to natural motor unit firing rates as others previously claimed.
They suggested an altered state of intrinsic contractile
properties occurs in ruscular dystrophy. |

In a later paper, Taylor and Fowler (1976) reported on
‘the contractile properties of 129 ReJ fas;c (EDL) and slow (soleus)

ruscles. Their results contirmed an earlier paper by Douglas and

Baskin (l971) on these same muscles. EDL was impaired much
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garlier than séleus and much rore severely in terms of develéped
tension, 4dp/dt, passive‘length-tension properties and an increased
iRT. With age, dystrophic EDL became weaker but more resistant to
fatigue. This may suggest a loss of fast anaerobic (fast fatigue)
fibres and a conversion to slow (fatigge resistant) aerobic fibres
{for fibre type claésifications see thapter V. {ii1} and Chapter
VI.). These results are in good agreement with prior conclusions
regarding slow muscle sparing and fast muscle slowing in the 129
RaJ dystrochic mouse.

Hofmann and - Ruprecht (1973) however were unable to
confirm all’the observations made on the 129 ReJ EDL and soleus.
In particular they saw no increased fatigue resistance of
dystrophic fast muscle or any indication that fast muscle was
vreferentially affected. They point out thaﬁ in Brust's original
work using gastrocnemius, most experiments made use of teased
rmuscle strips. These, they felt, were supject to a more rapid in
vitro deterioration and they suggested that his results were due
to experimental artefact. This howeveﬁ does not apply to the work
of Taylor or Douglas and Baskin, whose use of whéle ruscles gave
conclusions that supported Brust's. Hofmann and Ruprecht did
however show the dystrophic EDL to have much’ longer twigch tines
mmpwmlmjamWwémMmaneﬂmmm,mminmmmmt

with Brust.
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This then seems to leave a general concensus that -
dystrophy in the 129 ReJ dystrophic mouse causes arshift of tast
muscle properties towards those of .slow muscle, while slow muscles
thermselves remain rélative.Ly spared. |

Can this conclusion however be 'applied,_tb dy2J allélic_
mice? Though the disease caused by the &y2J allele appears
similar but less severe than the original dy mutation, doesr this
reflect only a quantitative .differenoe or is tl;erg a qualitative'
difference in the expression of thése two alleles?

-Relatively little work has been done on the CS57BL/6J
Cy2J/dy2J _s_train of mouse o ariswer‘ these questions. Harris and
Montgomery (1975) produced the Ffirst detailed examination of
mechanical and el)ectrical properties of muscle (antefit_:;' tibialis,
EDL and soleus.) of this dy2J strain. They observed many
" similarities to dy affected whole muscles gz;om 129 ReJ dystrochic
mice in terms of mséle weight, twitch tension, tetanic tension,
contraction time and 4&P/dt. Half-relaxation time, however, was
- not. significantly different from oontrol values. Both dy2J
soleus and EDL showed a lower than normal resting potential with
EDLAsignificantly less than soleus. This agrees with an earlier
study by Harris (1971) on 129 ReJ mice in which he showed the
resting membrane potential was reduced for bott_u soleus and EDL but

relatively rore reduced for EDL.
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In terms of the action potential, normal EDL f:.bres
had a greater rate ot rise and overshoot amplitude than SOL. In
dystrophics’ however, action potentials .in EDL had a lesser r..at:e of
rise and lesser overshoot wﬁi'ie soleus parameters :deré
Lfnatfe_cted. This is in line with the general but not unanimous
beliet of fast slowing and slow sparing seen 1n 129 ReJ mice.
Similar actipn potential pro?e’i_‘ties were seen by Harris and
Marshall (197;3) in 129 ReJ nmice.

Harris and Dbntgémery' also demonstrated miniature
endplate potentials were present in all dystrophic muscle fibres
examined. Many fibres in both EDL. and soleus were sensitive to
ath outside the endplate region and were able to generate action
potentials in ‘the presenge of 10-% TIX. ‘These are considered
features of mmmature and developing or functionally denervated
ruscle.  Because they could not tind any tibres that did not
produce an action potentidl when stimulated indirectly they
concluded their data did not support the idea of these fibres
being denervated. They suggest that they represent muscle fibres
in the later stages of regeneration. They concluded that this
.capécity to regenerate may vrepresent a major qualitative
. difference from dy muscle, in which attempts at regeneratio;n-- are

generally abortive (Sushella et al 1969).

Curran and Parry (1975) examined the miniature end plate
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potential frequency in both developing EDL and soleus muscles of
the C57BL/6J dy2J strain. Normal EDL reached a higher discharge
frec‘;uency than mrmai soleus. Dystrophy did not affect the .
discharge frequency of .rsoleus but the adult EDL frequency was
sigﬁificantly lowered. ‘ |

Parry (1977) addressed ‘the question of functional
denervaticn -by‘examining the functional .innervat-;ion ratio for EDL

and soleus in vivo. This ratio:

nmax. twitch tension from nerve stimulation x 100
max. twitch tension from direct rmuscle stimulation

will reflect any fgnctional denervation phenomena. A decrease in
the func;ional innervation ratio was seen in both -mscles but it
occurred, some tin;e atter the symptoms of dystrophy were clearly
apparent; It therefore appeared that there was rnot a significant
degree of functional denervat_ion in dystrophic mice at an age up
to 10 weeks. Parry noted that it is possible denervation could be

occurring but that the denervated fibres are captured by

coilaterals from healthy motor units. This however would not be

consistent with McComas' neurogenic hypothesis. It was concluded

that 2 primary neurogenic étiology ocould not be supported. Parry
acknowledged that clearly there“is evidence favoring a neurogenic

abnormality but this may be only a secondary result of a primary
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myopathy.

Parslow and Parry (1981} examined both intrinsic

contractile properties (CT, iRT, duration of active state plateau,

post tetanic potentiation (PTP) and cooling potentiation (CP)) as

well as histochemistry of young (46 weeks) and old (6 months) -

fast, (EDL) and slow (soleus) muscles of dy2J mice.

L)

2)

3)

They clearly demonstrated several points:

fast-twitch muscles of dystrophic EDL contracted more slowly
than normals:. No difference was seen with soleus. e
the slowing they cbserved -was accompanied by a conversion to

slow properties ir} coo‘ling potentiation and wost tetanic
potentiation (CP to CD and PIP to PID). (Note: Fast muscles

normally exhibit a twitch cooling potentiation (CP) when

temperature is decreased while slow muscles exhibit a cooling

" depression (CD) of thier ‘twitch. Similarily after tetanus,

fast muscles will normally exhibit a post tetanic twitch
potentiation (PTP) whereas slow muscle exhibits a depression
(PID)-) |

no change was éeen in the DASP.

They oconcluded that the fast twitch EDL clearly shifts

its contractile characteristics towards those of a slow twitch

muscle in dy2J mice. OQld dystrophic soleus on the other hand was

not significantly different from control mice whereas young
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dystrophic soleus actualiy demonstrated faster characteristics
than age matched controls. They felt this reflected the changing
fibre-type composition of the soleus with development and it is
the increase in presumed slow tw1tch‘Type I fibres (26% to 60%)
that accounts for the slowing of ‘the normal soleus with age. In
EDL however, very tew Type I tibres (if any) exist and therefore
its slowing with the progression of dystrophy cannot be attributed
to a selettive.involvement of fast twitch Type II fibres and a
”ype I sparlng. It may be that continuous spontaneous activity
‘bombarding- the hindlimo musculature is in. fact re590651ble for its
changed contractile parameters.

It therefore seems apparent that in both strains of
dystrophic mice the disease produces SiM¥SE effects. However,
the rate of onset differs. The general tendency 1is for a
.conversiop of fast Ianclé properties to those 'fésembling slow
mﬁscle. Slow muscle itself appears relatively spared, although
Parslow an@ Parry (1981) did mote that young dystrophic soleus was
taster than young control soleus and slowed with maturation,
though old dystroohlc soleus was not significantly different Eron

/\\\Jbld control soleus.

The alteratitns in intrinsic mechanical parameters may

be the result of either fibre type conversion or the selective

loss of specific fibre types. It is important to note that
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selectivé attack of specific fibre types‘is not foreign to man and
therefore lends credibility to this concept. For exarple, in
ﬂemaline myopathy and centfal core disease there is a selective
loss of Type I fibres. In muscle wasting due to disuse or
cachexia selectiye Type 1I atrophy occurs.
| Sic; and McComas IiQ?l) noted that patients with
limbgirédle -and FSH dystrophies exhibited a slowing in both CT and
4RT in examined muscles. This was also seen in patients suffering
Duchenne dystrophy (McComas and Thomas, 1968). This suggests a
selective(&ess of Type II Eibres-or their posgible conversion to
- slow Typp 1 properties. Buchthal et al (1971) correlated
increased slowing of muscle bundles in human dystrophies with
increased Type I. fibres, again supporting specific fibre type .
involverent. .

In an attempt to "visualiy“ define the effects of
dystrophy on éhe muscle fibre population considerable work has
emerged making use of wvarious histochemical stains. By
comparative studies of normal and dystrophic muscle it has- been
hoped that the precise effects-dffdystrophy on each fibre type can

/
be determined and related to the altered physiological parameters

. .

previcusly described.
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ii) IHIS'IOCIIEIICAL EFFECTS OF DYSTROPHY

Since the carly work of Grutzner (1884) and Knoll (1891)
distinct ‘and striking differences in mrpholoéy and cytochenistry
have beén noted in skeletal muscle. Most muscles had been grossly-
divided into either "red" or. "white" fibres. Red tibres are
usually thin, dark in tone ;nd contain many mitochondria and fat
globules. White fibres on the other hand, are thicker,
opaque-like in tone and contain few mitochondria and little fat
deposi'tion. These early mrfcers also noted that miscles ex&ilmined
were not totally homogeneous for one part_icular fibre type.

T;.ater, more dissimilarities between rmuscles were pointed
out on a cogparative basis with their contractile properties.
Sreter et al (1966) demonstrated that fast and slow muscles,
defined s0 by their contraction times, have distinct myosiés which
pOssess several distinct structural differenées- Related to this
was the demonstration of differences in the specific activity of
myosin ATPase in fast and slow ruscle (Barany 1967).

Schiaffino et al (1970) studying the, reiationships
between structure and function in -a conparisoﬁ of fast' EISL and
slow soleus .J.n rat reported several key diﬁferences.‘ 'I‘héy noted
most tibres of)rat EDL were large, had few mitochondria, a lesser
myoglogin concentration and thicker Z lines than the slow soleus.
In soleus they found significantly less sarcoplasmic rgtiéulu’m

| 3
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(SR) which was ‘discontinuous at points between itself and the
t-system. As well, they noted the presence of many dyads as
opposed tb typical triads. Based on the known contractile
ditrerences between tast and slow muscle they then suggested their
observations were related to the physiclogical parameters of
contractxon-time'an@ resistance to fatigue. This gained support
rather quickly when Fiehn and Peter (1971) reported on the
_ properties of fragmented SR from £fast-twitch and slow-twitch
ruscles. They concluded that fast SR takes up Ca+2 4 - 1l times
faster than slow muscle SR. Much speculation has been made with
regafds to oorrelations of  histochemical reaétions with
physiological parameters. The question of this correlation will
be dealt with later in Chapter VI. L

Though earlier workers noted that whole musplé color was
not solely a function of vascularity it was not until Dubowitz and
?earée (1960) described a vreciprocal relationship between
phosvhorylase and oxidative enzyme contents in' human normal and
dystrophic muscle fibres as well as for various other animal
skeletal muscles that systemapic histochemical classification of
mascle fibres began. In 1962, Stein and Padykula examined
glycogen, succinic dehydrogenase, ATPase and non-specific esterase

in serial sections of rat gastrocnemius and soleus muscle fibres

and develooed a tripartite classification scheme based on the
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histochemical staining patteins. Peter et al (1972) developed a
fibre type clas_si-figation based on quantitative biochemical,
histochemic;al and physiological reasurements. Ug,ing- guinea pigs
and rabblts"‘."théy' were able to examine muscles that were virtually
hamogeneous 'for a particular fibre type. These they compared to
othezj muscles within the animal on the basis of contraction tire,
" glycolytic and oxidative capacity. Using rabbit semimembranosus
accessorius and the white portion of the guinea pig vastus
lateralis they showed these fast-twitch white fibres to be
fast-twitch glycolyic fibres. The . red portion of the guinea pig
vastus lateralis could be.' idéntified as fast-twitch
oxidative—glycolytic in nature while the quinea pig soleus as
slow-twitch oxidat.ive fibres. '

While this work clearly related histochemistry and
physiology orevious work on guinea pig muscles had provided g@
evidence for Type I fibres being slow fibres and Type IT fibres as
being coaposed of two groups, tast-twitch red and fast-twitch
.white. (Kag'pati and Engel- 1968, ECdgerton and Simpson 1969,
Barnard et al 1971). '

However, these studies involved whole muscle
histochemistry of’ rruséle fibres and shed no light on the
relationship between the functional unit of muscle (the motor
unit), its physiology and the observed histochemistry.

4
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Currently, the literature is confusing in terms of fibre
typing with no common, agreed nomenclature. This has led to fibre
type. classifications ranging trom tWwo to an unlimited number
(Dubowitz 1960, Guth and Yellin 1971). The difficulty arises from
a lack of agreed pérameters with which to define mu’scle fibre
types. Fibres have oeen classitied by any number and cnmbihation
ot ditferences in contractile properties, morphology, coior,
ultrastructure, myosin types, myosin ATPasé activity, pH lability,
metabolism and oxidative and glycolytic enzyme content. Generally
speaking é compilation system based in Dubowitz (1960) and Engel
(1962) has found good acceptance and is used within this thesis.
This is based upon the Type I and Type II system. It avolids the
use of physiological terms, such as fast and slow, to describe a
histological cbservation and the erronecus implicatiqns this might
héve.

The method ©f fibre typing referred to in this thesis
(see'Paer and Montpetit 1978) is based on myofibrillar ATPase at
pH 10.4 and 4.5 (Guth and Samaha 1969) and NADH diaphorase for
oxidative capacity '{Novikoff et al 1%l). Type I fibres stain
pale with alkaLi-gtable ATPase and intermediate with NADH
diaphorase. Type II oxidative fibres stain darkly with both
alkali-stable aTPase and NADH diaphorase. Type II glycolvtic show

an intermediate staining with alkali-stable ATPase and stain pale



S

with NADH diaphorase. Parry points out (Parry and Parslow 1981)
that while- these fibre types can most probably be related to
contractile parameters, without moter unit d;ta to. confim any
correlation its assumed validity should be avoided. Table IT is a
tabulation of several of the current fibre type classifications

and how they relate to each other (compiled after Dubowitz 1966,

Close 1972, Syret and Munson 1981).

'Ihese- three distinct fibre types can be functionally
deécribed as follows:

Type I (I, S0, S, intermediate) fibres afe small with an
extensive blood supply, a high number of mitochondria, ‘and a high
1myoglobin coéztent. Ultrastructure studies reveal a moderate
number of end plate presynaptic vesicles; a few short juncticnal
tolds; and a wid-e Z band. Chemically, these fibres are, amply
supplied with oxidative enzymes and show little capacity for
glycolysis or anaerobic metabolisim. The muscle has a slow twitch®
that is small in amplitude, 'and is almost infatiguable with
repetitive stimulation (tetanus}.

Type II glycolytic (IIb, FG, FF, white) fibres are large
and have a relatively sparse capilllary supply, tew mitochondria,
and a low myoglobin content. Ultrastructurally there are abundant
motor' end plate presynaptic vesicles; numerous long junctional

. .
folds; and a narrow Z band. Biochemically, the fibres are well
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TABLE II

CURRENT FIBRE TYPE CLASSIFICATIONS AND THEIR RELATIONSHIP TO THE

SYSTEM USED Il THIS THESIS.

N
Fibre Types

-Present System I ITax IIglyc
Dubowitz and Pearse (1960) I II I1
Engel - {1962) I iI II
Stein and Padykula {1962} B C A
Romanul (1964) IIX Ir I
Padykula and Gauthier (1966} Intermed. Red White
Kugelberg and Edstrom (1968) C B A
Yellin and Gath (1870} o] a ab
Brocke and Kaiser (1970) I Ilac IIb
Burke et al (1971) S FR FF

Peter et al T {1972) S0 FOG FG
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supplied with glycogen and phosphorylase, but have few oxidative
erizymes, indicating a high capacity for anaerobic metabolism.

Mechanically, the ‘muscle twitch is fast and larée amplitude but

-

tatigues rapidly with tetanic stimdlation.

T\;pe II oxidative (Ila, EOG, FR, :ed) f-ibres fall
‘between the rIype I and Type II glvcolytlc fibres in cytologlcal
characti‘-.'fristics. Biochemicaly, thev have moderate .
a;::t)unts -of both oxidative and glycolytic enzymes. Mechanically,
they produce fast twitches of low tension and are relatively
resistant to fatigue ‘when comparad to Type I and Type II

glycol_ytic fibres . N
I

The results of histochemical analysis of dystmphlc
nuscles have not been totally conclusives or in total. agreerent .
amongst various laborator_les. The greater amount of information .
has arisen from studies of the dy2J strain of dvstrophy.

Dribin and Simpson (1977) were the first to exploit
histochemical analysis with regardsto dystrophic (dyaJ), ﬁus‘cle.
They compared normal and dystrophic soleus and gastrocnemius
muscle using the acid and alkali-stable ATPase (pH 4.357and 10.4
respectively) and succinic dehydrogenase (SDH), f;)r oxidative
capacity. For ease of comparison with 'following papers the Type
I & II system will be used. In their original work Dribin and

Sirpson use a red (Type II oxidative), intermediate (Type I) and



white ('Iy'peII glycolytié) nomenclature. -

In terms ot morphologic abnormalities in dystrophy both

soleus and gastrocnemius exhibited £fibre splitting,. fibre
. . t“

necrosis, central nucleation, atrophic fibres, connective tissue

infiltration and fibre dJdiameter variations. In soleus these

abrormalities were randomly distributed throughout the muscle. In

gastrocnemius, however, morphologic alterations were not randomly,

distributed. They noted that overall the outer region of
dystrophic gastrocnemius exhibited fewer gross abnormalities than
the deeper reglon near the bone. -

Histochemically dJy2J soleus fibres were classified

solely on the. basis of the ATPase feaction as the SIH staining at .

the age of study'. {3 - 6_ months) was not useful in differentiating
between fibre types. Fibres were classified as 'Iype I, Type II
oxidative or abnormal. The | dystrophic soleus exhibited a
substantial number ot abnormal atrophied fibres; a significl:ant
decrease in the numbers of Type I fibres; and variable numbers of
'Wwoe II oxidative fibres., with a general overall decrease seen.

In gastrocnemius both ATPase and SDE staining were used

to classify fibre types. The normal gastrocnemius exhibited a

distinct grouping of Ffibre types. The region near the bone

surface is composed primarily of Type II oxidative and Type I

fibres with few interspersed Type II glycolytic fibres. This is
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sametimes referred to as the red region. 'Ihe o_ﬁter region of
gastrocnemius is composed almoét ent-irﬂé.Ly ot Type II glycolytic
fibres and is sometimes referred to as the white region.

Dribin and Simpson concluded that for gastrocnemius the
white region (Type II glycolytic) is both mrphologicially and
histochemically more affected than the red region. In soleus the
Type I fibres appear preferentially decreased in number oon::pared
to Type II oxidative fibres and as well, existing dystrophic Type
I's were selectively hypertroohied.

| In the preceding section, we saw the hypothesis of whole
fast muscle properties becoming slower compared to slow ruscle.
Part of this hypothesis of fast muscle slowing is the suggestion
of a conversion of biochemical and physiological properties.
Dribin and Simpson point out that their résults ."suggest that Type
II glycolytics became "redder" in teﬁrs of ATPase staining.
Nevertheless even if fast fibres become more like slow fibres the
quest-:;_on remains whether or ndt this reflects i) a preferential
destruction of Type II glycolytics; ii) a defective maturation of
Type 1I glycolytics; or iii) a conversion of fibre types. Though
their study can not answer these questions they point out that
since the cbserved histochemical‘ _alterations preceded gv':oss

mrphlogic' abnormalities a preferential destruction of Type “11

glycolytic fibres seems improbable. -They suggest that the
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alterations, seen also in previous studies reflect not only

effects of dystrophy but may be the indirect result of altered
I'{ -t '

functional demands on the muscle causing a conversion in fibre

‘typing. = Clearly the rigid paralysis of the hindlimbs and the

- continual phasic twitching must somehow alter the expression of

éystropny'wi.thin the musclé. Silverman and Atwood (1980) have
shown a correlation between this activity and the conversion of

the level of oxidative enzymes in dystrophic muscle.

- Two major criticisms of the Dribin and Simpson paper do

exist. Firstly, the age of riice used (3 - 6 months) are such that

' the disease is highly advanced,_muscle wasting is extensive and.

the ability to clearly distinguish differgnt stain.ing pa'tterns is
réﬁher Boor ('Parz;y personal communication). Secondly, t'hei.r.
corparison to early vphysiological studies- (i.g. Brust 1_966*)
involves comparison of &y and dyal étra'ms in an atténpt to
correlate phys:_Lological and histochemical observations: As has
been pointed out these two strains should be considered-as two
separate disease proceses and as will beu shown later ('Chapter VI.)
unless mbtor unit data is available the question of o&ir/r_elating
histochemical _and -physiological observations mist be treated with
great care. Buti-er and Cosmos (1977) recognizing the distinction
between the two allel:es oi:- dystrophy and the age’ related criticism

have approached a similar histochemical study in & different

=1
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manner. They examined both dy/dy and dy2J/dy2J mice (sr.;leus and
‘anterior tibialis) from 2 - 3_weeks postpartun to 6 months. They
noted that at older age both fast and slow-twitch fibres are
affected by dystrophy in both strains 9f micé. However, they
demonstrated a "different temporal involvement of different fibre
types in the two strains of mice" at younger ages. Their
conclusions were that in 129 Re& dy/dy mice the éarly expression
of the disease ngié the white, fast—-twitch glycolytié'fibres

while red, slow t&itch‘ fibres are spared until later. 1In the
C§7BL/6J dy2J/dy2J however, the primary expression is in .the
"red, Slow-twitch - oxidative fibres”. Although these results
somewhat agree with Dribin and Simpson ifor C57. mice) they have
been justifiably criticized. Parry and Parslow (1981) poin£ out
thgt Butler and Cosmos erroneously classified their fibre types.
Their classification was based on SDH and phosphorylase activity.
This has lead them to categorize .the core region of anterior
tibialis as “red, slow—;witéh oxidative fibres." ‘Parry and
Parslow point out the principally affected fibres'heré are in fact
Type II oxidative fibres and are ' therefore probably nét '
slow-twitch by nature. Similarly, Cosmos and Butler describe the
soleus as being composed of "slow red" fibres, when in fact its.
constitution is a mixture of Type I and Type II oxidative fibres.

Both these fibre types exhibit high oxidative capacity and by
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absence of a corroborat\ing stain (i.e. ATPase) they erroneously
claim in soleus that "slow red" fibres are primarily affected..
Parry and Parslow (1981) demonstrated in young soleus (4
weeks old) .that the - proportion of both Type I and Type II
oxidative fibre loss was approximately equal, suggesting no
preferentials involvement of either fibre type. This trend was
seen by Dribin and Simpson (1977) but due o the age of their mice
the majority of fibres examined could not be’ unambiguéusly
\éléssified. ' S
| "In EDL (6 ~ 7 weeks) Farrv and Parslow showed a marked
decrease in the proportion of Type Il glycolftic fibres in
» dystrophic muscle. ?;nis agrees with Drikhin and Simpson who
'concluded in gastrdcnemius that the prgaarily- white (Type II
glycolytic) région was affected by the disease. It is interesting
O Mote tha£ Parry ;nd Parslow saw that the total reduction of
fibre numbers in dystrophic EDL coincided almost exactly with the
loss of Type II glycolytic fibres. However, this cannot be
interpreted to mean.only Type II glycolytics are affected. Parry
notes, and as Dribin and Simpson suggested, this observation may
represent a shifting from II glycolytic -~ intermediate - II
oxidative with a concomitant loss of Type II oxidative fibres, as
a result of the spontaneocus hindlimb activity_ (i.e. altered

functional overlocad).
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‘ EDL fibres identified as ‘dystroghic had staining
characteristics oé Type II oxidative's.' In soleps, identified
dystrophic fibres were also Type II oxidative's. Virtually ro
dystrophic Type I fibres were seen. Parry indicates this too may
reflect a transformation; Type I - intermediate - central
nucleatién, etc. |

These results and correspending physiclogical
measuréments-(?arslow and Parry’1981, see previous section) lead
to the conclusion that although thgfe may be a preferential
{though nog exclusive) involvement of a particular'fibre type,
there was no’ conclusive evidence that the same fibre type is

involved for all muscles. ' -



VI THE MCTORUNIT
1) HISTORICAL REVIEW

In ghe 1900's Sherrington (1906) evolved oa‘r current
wofking cqoneept of lthe "motor unit®.- This term was  used to
describe a sj..ngle alpha rrr;‘L:Orneu;:vone (the final common path of
descending CNS influence on motor behavior) and the group of
muscle fibzfes it innervated, also called the rnuscle unig.
Skeietal ruscle is essentially a collection of muscle unitg whose
fibres run parallel to each other over the length of the ruscle.

Most manmalian skeletal muscles contain motor units
which exhibit a wide range of mechanical, morphological and
hlstochénicai propertiés making them heterogeriecus muscles. The
contractile properties of a muscle are the result of this mixture
c;f rscle fibre types._

The earliest studies of motor unit properties was the
wo.rk of Wuerker, McPhedran and Henneman (1965 a & b) on cat soleus
and media.l gastrocnemius muscle. After hindlimb denervation, the
L7 and Sl ventral roots were exposed by lumbar laminectomy and cut
proximfally._ Ventral roots were teased down to progressively finer
tilaments until sing;Le stimuli to the muscle nerve elicited an all
Oor none antidromic action potential signifying isolation of one

functicnal motor unit;.

They showed an indirect correlation (not statistically
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si:;nificant) between twitch contraction time and tetanic tension‘
l.e. motor units producing large tetanic tensions had fast
‘twitches and units producing .small tetanic tensions had either
fast or slow twitch contraction times. Motor units with slow
twitch contraction i'.imes always produced small tetanic tensions.

‘Also demonstrated was “an = approximately" linear
relationship between axonal conduction velocity and teta'nic
tension for units that produced less than 20 grams. However, this
COnca.usion was based on a relatively small number of motor units
1n only 6 experigents (3 experiments with soleus and 3 with medial
gastrocnemius) and could only be applied to the individual
experiments since grouped data showed no relationship existed. In
medial gastrécnemiu's the linearity for units producing less than
20 grams was considerably less evident than in soleus and units
with greater than 20 grams tension (more than 60%) showed no
simple relationship between tension and conduction velocity.

Based on these observations and a subsequent study of
motorneurone cell size in relation to motor unit '.function and
recruitment, Hennéman proposed the "size principle" which related
motor unit recruitment. and motor unit properties to axonal size
and hence alpha-motorneurone size. Hennerman felt the motormeurone
pool was continuously graded according to size amd a
relationship existed between motorneurone cell size, axon
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diameter, oconduction velocity, motor unit contraction tme and

1

tetanic tension. These properties were all related to the order

of recruitment of motor units. Though supported by some workers
(Bronet-bSnand et al 1971, Bagust 1974, Proske and Waite 1974)
several of the assumptions and implicit conclusions of this
principle. have been ‘cri\ticized and not borne out in other work
(Mosher et al 1972, Stephens and Stuart 1975 a ‘& b). This will be
turther examined in Chapter X. '

Close (1967) using a graded threshold _sti.mulus of .tl'}e
sciatic nerve to evoke motor units sequentially in rat soleus and
EDL was able to divide‘ motor units into three classes based on
twitch timnes to peak. He was then able to draw some inferences
between these unit groups ahd the who;e mscle histochemistry. He
found rat soleus contained 3 out of 30 motor units which weré
intermediate speed while the remainder were slow. Assuming that
the Type I1I oxidative fibre is of intermediate speed a good
correlation with whole muscle histochemistry existed. In EDL,
which .is composed primarily of Type. II oxidative and Type II
glycolytic fibres, thodgh some Type I fibres can be found on
occasion, motor units exhibited a very small variation in
contraction times. This work was howevér only indirect and

criticism of this technique follows in section iii.

This work was followed by various indirect attempts to



at

correlate histochemical and morphological _characteristics with °
physiological parameters. Unﬁil Edstrom and Kugelberg (1968,
1973), studyigg;ﬁb&gi\units of the rat anterior tibiaiis nuscle,-
utilized the method of glycogen depletion the-direct-study of the
interrelationship between physiology and histochemistry was
umpossible.

After £functionally. isolating a single motor” ﬁnit by
conventional techniques, glycogen in the muscle fibres was
depleted py stimulétion during ischaemia produced by clarping the
popliteaj? artery. Using short curfent pulses (40/sec for .5
seconds repeated every second), applied to the ventral root
filament, this regime was maintained until tetanic tension had
dropped to zero. The ruscle was then f%ozen and sectioned for
histochemical staining. PAS staining for glycogen enabled the
identification.and mapping -of this motor unit's fibres within the
ruscle cross-section. Depleted fibres (exhibiting a negative
staining) showed white against the dark background of glycogen -
containiﬁg fibres. With serial section staining (for SDH,
esterase and ATPase) 1t was then possible to directly relate
histochemical and physiological data.

They found Type I units to be slow and virtually
untatiguable, Type II oxidative units to be fast and intermediate

in tatigue and Type II glycolytic units to be fast and rapidly
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fatigued.

Burke and co—workers (1967, 1971, 1973, 1974 a & b}
exploited this technique and combined with the physiological
parameters of twitch, tetanus aﬁd fatigue (as described by the
fatigue index which defined the ratio of tension declir';é from the
start of a given tetanic regime to the end- of a two minﬁte
interval) described a tripartite classification of cat motor unit
types based on studiés on tri?ps surae, soleus, lateral and
medial gastrocﬁemius miscles.  Their classif)'.‘cation. system has
proven both .v1able, as more data has been accumulated ard useful
in pred.icting‘pattems for new data. .

Burk'e divided motor wunit populations into three
categories: |
l. tast twitch, fast-fatiguing (FF),

2. fast twitct},» fatigue resistant (FR), and
3. slow-twitcs, untatiguable (S).
(Note: In later work Burke has included a fourth tyoe of motor

unit; this is fast—twitch and intermediate in fatigue resistance

(FI).) ' .
. : . .
They deronstrated excellent correlations between
Oxidative enzyme staining and resistance to fatigue and suggested

that this may be further related to the richness of capillary

bloeod supply (Burke and Tsairis 1974, Burke et al 1974). Those
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fibres with a large oxidative ca‘pacity ut:i-],i;'ing Krebs cycle
fatigued slowly (FR and S units) while t.hoéé_ (FR) utilizing
glycolysis for energy fatigued rapidly, possibly due to a total
depletion of intracellular g.Lycoge:n {(Burke and Tsairis 1974).

In terms of unit discrimination based on CT a totally
umlguous separation was not possible (Burke et al 1971, Burke
and Tsairis 1974) nor was A’I‘Pas:e sté'ining directly correlated to
unit CT.

.I-Iowever, from . these studies the motor™ unit
classification ot Burke could be clearly mlat§d as tollows:

FF units = Type II glyvcolvtic fibres
FR units = Type II oxidative tibres
S units = Type I fibres '

from Kugelberg's and Burke's work sevdral .general
principles have been evolved. All the ruscle fibres of & single
motor unit have essentially identical histochemical profilés and
are assumed to prodLice identical mechanical responses. The fibres
of each individual motor unit are not as a rule arranged as a
hanogeneous group. — Rather, .they are scattered throughcut the
miscle with none or only a few of any unit's fibres being
contiguous (Kugleberg and Edstrom 1968, Edstrom and Kugelberg

L1968, Burke and Tsairis 1874). This dispersion of muscle unit

fibres is proposed to permit mechanical interaction between them,
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to “"smooth" the summétion .of their active . tensio ring
asyncﬁronous;low frequency motormeurone firing (Rack ard ﬁesf ry:'
1969, Westbary 1972).

- These general principles can bé assumed to hold for all
species (mice included} though actual numerical relationships or

distributions may not hold.

7
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1i) MOTOR UNITS IN NORMAL AND DYSTROPHIC MICE‘

Though considerable motor .unit data have been reported
for rat and cat very few direct motor unit studies have been
reported using mice and with. the exception of this thesis o
direct motor unit investigation- involving dystﬁog:xic mice has been
reported. Two studies have been published that make use Of
estimating techniques for motor unit numbers (Harris and Wilson
1971, Law and Caccia 1975) and while subject to criticism must
form the sole background for data regarding dystrophic motor units
in mouse. .‘ ‘ _

Direct unit data for normal mice of the CS7BL/6J strain
have been reported for the soleus muscle (Lewis and Parry 1979,
Lewis, Parry and Rowlerson 1982). The range of tetanic tensions
of motor units was small compared with that seen in larger
mammals. As a percentage of the whole muscle tension, soleus
motor wnit tetanic tensions showed an eight fold range (1.20 to
9.60%) that was unimodal and symnetfically“distributed., The
reciprocal of the mean motor unit tetanic tensicd as a fraction of
the whole muscle tension gave an estimate of 21 motor units for
scleus. .

The distribution of motor:' unit times -to peak was
unimodal. Motor unit CT was inversely related. to axonal

conduction velocity. However this correlation was not seen for
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the data as a whole but only  in individual experiments in whict}
several motor units from the same mouse were investigated;

The unimodall distribution of unit CT which contrasts
with the two clearly detined tibre types of soleus _.from
histochemistry and anéi‘tnody response wag explained in two ways.
Firstl;_:, assuming motor unit fibres are homogeneous as in other
specles, there may be no differences between Type I and Type II
oxidative Eibres. Or, and their Ffavored éxélamt.ibn, the two
poéulations of motor units exhibit so wide a variation that an
apparent un:.n‘oéal distribution is present.

No direct motor unit studies have been cérried ocut with
dystrophic mice. Harris and Wilson (1971) made use of an indirect
estimation method to determine the effects of dystrophy on the
fast anﬁerior tibialis of 129 ReJ mice. Here, after denervation
and ventral root section (after Close 1967), they recruited rotor
units by graded threshold stimulation of the sciatic nerve. The
mechanical tension of the first four to six putative rmotor units
were recorded. After recording the maximal muscle Pt motor unit
estimates were made by two methods. .E‘irst:ly the maximal Pt was
divided by the amplitude of the most excitable unit and l§econdly
the maximal whole;> ruscle twitch tension was divided by the mean
unit tension of the series. By both methods of estimating motor
uni‘;: nurmbers, dystrophic mice showedt a significant reduction in

m
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the number of motor units by 70% (p < 0.01).

Since most dystrophic motor unit twitch tensions were
within the rnr:mal range (though their mean value was significanti.'y
less than the normal mean) they felt the loss of motor units was
not due to random loss of muscle fibres eventually resulting in |
unit loss. I::_ the pnmary. event were to occur in muscle ore would
expect normal numbers of very weak units. Their results support a
denervaticon like phencmenon as thgf}arimary ettect o“t‘ :dystrophy..
The observation of many weak motor units is not inconsistent but
reflects "sick" motorneurones tﬁat may be expected to become

weaker before dropping out.

4

Law and Caccia (1975) applied. McComas' technique of
estimating .motor unit size based on extracellularly r’ecord:ed
ruscle compound potentials and tension output for comparison.
They used 129 ReJ dy mice to study the soleus ruscle. Mechanical
tensions and electrical responses at the endplate region (detected
by a ootton-agar electrbde soaked in Krebs solution) ‘were
recorded. Each was used to eétimate the motor unit .population‘
number by divj.ding~tt1e motor unit mean into the maximal muscle

response.

Dystrophic soleus showed a reduction of 27% in the
T,
nmumber of motor units estimated. This sugge\sts the soleus is less

affected by dystrophy than the relatively fast anterior tibialis.
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‘Ihelr estimate of 22 motor units for normal scleus is WJin agreenent

with that of Lewis and Party (1979) .Law ' and Caccia claimed that

the. s:.gnltlcantly reduced mean mOLor. unit twitch tensmn (0.20 gm

to 0. .Lz g ) retleCts the presence ot "runctlonal denervation"

_ within surviving dystrophic motor units and they suggest that 40%

of the fibres in dystrophic soleds miscle are "functionally
denervated”. While the maximal ruscle action potential as less
than normal, as would be expected fram the reduced number of motor

. " ' R - S~ . .
units in dystrophi¢ soleus, the mean évoked potential of surviving

motor. units was not significatly different fram normals. This is

. similar to the case of human dystrophy (McComas et al 1970) and_is .

corpatible with the concept of "sick" motor units. _ ‘
HoWevBr, Parry (1977). notes that while a 40% reductlon
J.n tensmn has occured the presence of normal size motor unit

. e

potentlals (presumably- i‘ndlcatlve of the number of fibres

producmg action potent:.als) would most - eas:..l.y be explalned by no
loss m numbers of fibres but an cverall reduced tensmn outpat -
- per fibre (md:.catwe of a myopathy). Further criticism of this

+ work follows in Chapter X.

o~ . BN
¥
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iii) DIFFICULTIES WI'I"H BYSTROPHIC MOTOR [NITS

H Though vari;)us difficulties unique to the dystrophic
animal are present they can be.successfully overcome to enablé
accurate data colléction. ‘
- . Dystrophic hindlimb muscles are subject to a continﬁ§1
spontanecus sombardment.  This pnerj.omenén has been the supject of
some 1nveétigatj;ori, see” Appendix l. This -spast_ic “twitching
requires a surgléai prepara-tlon technique énd mounting apparatus
that eliminates its- e‘ffect on transducer recordings. “such a
technique (de'nezvatg'.oh followed by d%rsal and ventral f‘oot
section) rerrbves this nuisance twitching from the experimental
leg. ~The mounting apparatus' and leg pool serve -to isolate the
experimental legnfrom any influence of the still-_ihnérvate& and
twitching opposite limb.. '

”

An earlier criticism of the McComas and_ Panayiotopoulos
- ‘ . .

work was that ot.noise. As with most recordirigs of small voltage
deflections using high amplifier gains, inherent machine noise can
present problems. ‘Noise problems became significant when

bonsideririg dystrophic motor units whose twitch tensions are

-
-

.considerably less than in normal igice. However‘,'.‘ with proper

component - matching, effective groundir'mg‘ apd the use of signal
averaging (as in this study) enhanced signal to nc_‘.uiée fatios can

be achieved. .

T =73 -
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Tr:ansducer characteristics mast be desxgned to enable an
accurate retlect:.on of the muscle and motor unit properties. Both

compliance and unloaded natural rescnant ‘frequency must \be

caretul.!.y chosen. ' -

It is sufficient to say at this point that both the work _

" ot Harris"and Wilson (1971) and Law and Caccia (1975) fall under

the same criticisms as gived in Chapter III for motorunit .

estimates in human dystrophies. The results must be regarded with

some caution and camnot be considered defi\’ve.

s
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VII RATIONALE AND STATEMENT OF THE PROBLEM

This thesis has been designed to examine the mechanical

broperties of motor units in rormal and dystrophic mice of the

C57Bl/6J strain. The motor units studied were, cobtained from the

extensor digitorum longus (EDL).
Considerable efforts have been directed towards
deternining the etiology of murine ruscular d¥strophy in the hopes

it will lead to a better understanding of the human muscu]l.ar

dystrophies. However, the’ results have been inconclusive. The

primary suggestion for a neuronal involvement in dystrophy has

come from indirect estimates-6f motor unit sizes and numbers in

both man and mouse.
& :
ané their results leaves them suggestive at best.

Ideally, method in which the component muscle fibres

ot a single
/.

y:
depletion technije) would enable one to directly test the

etiology of trophy and 1ts method of action at this level.
Hweve;r,-m e absence of such a technigue it J.s hoped that by a
comparative  sgudy of the mechanical properties of motor gnits
isolated ffom orme;l and dystrophic mice that not only can an

understanding of Yiwow dystrophy is affecting the motor unit be

made, but also whether it acts through a myogenic or neurcgenic

process be determined. !

significant criticism of these techniques

Ptor .unit oould be identified (i.e. glycogen

oo T
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To better understand how the data to be presented can be
sed to elucidate these problems‘ it will be advantageous to
understand theofe;iéally what would be expected of the
distribution of mechanical parameters (absolute tension,h relative
unif. size and time to peak tension).
. The cases to be consi:dered:
1) a2 random myopathy in which muscle fibres are randomly
‘affec':t'ed, and, .

2) a pure (acute) neuropathy in which units become affected and

»
normal).

drop out. (Units remaining are not affected and therefore

- We will make two assumptions in considering these
distributions. E‘irét, the sample size of each group (normal and

dy2J) is the same.  Secondly, the- distfibutions' described are

unimodal normal distributions (as will be shm in Chapters VIII
and IX).

In the case of absolqte tension (Pt or Po) the sequence
in Figure 2a shows what would be predicted for a random myopathy*

and a pure {acute) neuropathy.

In a random myopathy muscle fibré&-fram all units are
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FIGURE 2

Theoretical frequency distributions for:
a)l absolute tension,
b) relative unit size, and
‘¢) time to peak twitch tengion '

for units from normal and dystrophic mice (see text for details).

—-—~—  motor units from normal mice

seseecs. motor units from dystrophic mice

G
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randomly affected. Therefore the mean unit tension will decline.
The number of motor ‘units remains constant. We would g:_:redlict a
normal distribution -for absolute tension shifted towards a smaller
mean value.

If’ dystrophy were a pure neuropathy where whole units
drop out, thoée units that remain are unaffected. . Thus, the
d.istribution and mean absolute tension -of remain*;@ wotor units
would be unaltered.

For the relative unit size distribution, sequence Figure
2b, in a random myopathy ‘the distribution and mean un{it size would
be unaltered, since each unit's contribution to the nuscle tension
(expressed on 'a relative percent basis) remains the same. For
example, if a muscle produced 10 gm tension and had 10 units each
contributing 1 gm tension their relative size .would be 108. In a
myopathy fibres are randomly affected; suppose that at some stage
approximately 50% of the fibres of each unit are affected. The

units now each produce only .5 gm tension but, the total muscle



tension has also fa;llen by 50% to 5 gm. -Therefore, the mean
relative size is,still 10%8. Thus in a myopathy, provided it has

- ~
not progressed to the stage where some units have become

vanishingly small and lost in noise, the rnumber of units: (J./rneanv

relative siz_e)_ should remain the same,

For a pure neuropathy a normal distribution with
increased mean relative size_ is predicted (Figure. 2b). _ As whole
units drop out, t?ose units tﬁa}t remain have a greater relative
per cent contribution towards muscle tension and therefore the
mean relative size is greater. \A decreased number of units would
be calculated. Fov.; example,  consider 10 units each producing 1 gm
tensi;an for a whole muscle ter‘sion‘of 10 gm. Each units relative
size is 10s. 'Suddenly 5 units are lost {pure neurcpathy). Whole
muscle tension .'.is. now-5 gm produced by. 5 remaining units of 1 gm

., each. The mean relative size of each is now 20%.
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For CT, if we assume that in the C57 mouse the unimodal
' _dis'tribution seen arises fram two overlapping normal distributions
(eg.1I ox1dat1ve and II glycolytic) sequence Flgure 2c: shows what
we would predict. A further assumption is that when a muscle
fibre becomes dystrophic its CT is prolonged.
| I a ‘myopathg all units would be slowed.  The
distribution is shifted towards a slower mean CT.
in a puré neurcpathy units- are lost while remaining
units are unaffected. Therefore the distribution and mean of
.remaining units \is unalter;ed.
We can therefore see that distinct predictions can be
made for tne freguency dist‘ributio'ns of motor unit mechanical

parameters fram normal and dystrdphic mice. Thus we have ‘a means'

to - examine - the . results of is thesis in ,tiems of these
predictions for myogenic neurogenic etiologies.
"\
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VIII METHODS AND MATERIALS

i} ANIMAIS

" Mice used were of thel C57BL strain originally obtaineé
'Eron‘m_ the Jackson Laboratories, Bar Harbor, Maine. Both normal
mice (CS7BL/6J) and dvstrophic mice (CSTBL/6J dv2)/dv2J) have been -
successtully bred in our own animal quarters. Mice were quartered‘
in standard cages ‘with food aﬁd water supplied ad _lltg .‘Constant
temperature and relative humidity were maintained for optimal
health conditions. There seems at present. no problems with
regards to post natal care by new mothers. and .consequently o‘ur-
colony has flourished. . ”

For an autosomal recessive gene the FL ratics are:

dy2J/+ X dyl/+

25% +/+; 508 dy23/+; 25% Qy2l/SGy2J
dy2J/+ X dy2J/dyad 50% ay2J/+; 50% cy2J/dy2I

Gy23/dy23 x ay23/dy23

100% dy23/dy2J

Since murine muscular pdystrophy 1s caused by an autosomal -
recessive gene, motor units collected from phenotypicaliy "normal”
mice have undoubtedly iricluded a mixture of +/+ and dy23/+
genotypes. 'f,I-bwever, no known phenotypic Tdif‘zferences exist between
homozygotes and hetefozygotes? Phenctype rather than genotype was
the criterion{for ormality in this study.

Detection-ot dystrophic mice- can be made as early as 2N
days on average, while unambigucus id'exlxtification is possible by

\ -
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28 - 35 days. This can be achieved by several characteristic
observations. A limpingl or partial paralysis-like extension of
the hindlimbs during volgntary movement can be seen at an early
age. By then suspending the mouse by 1ts tail and gently blowing
on its hindlinbs, dystrophic mice will draw their legs towards the
@y instead of' the normal éxtensmn retlex.

Since mice used 1in this study were of an aée 70 - 91
-days, progression of the dystrophy was quite complete.. At this
advanced state of the disease selection of dystrophics becomes
obvious with the hindlimbs being permanently extended and rigid
while.exhibiting a spgstic-like twitching.
11) " EXPERIMENTAL SOLUTIONS |

For transfusion, whole blodé was citrated with an
anticoagulant solution of':

¢itric acid 1.10 M

Na citrate 5.60 mM

NasHPO4 0.50 m . L
- 4

dextrose 8.90 mM

apd used in a 1:7 dilution with whole blood.

- . : L4
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buring surgery and throughout the experiment, tissues

were ,b'ai:hed or immersed in a Krebs Ringer whose composition was:

NaCl 121.00 mM

CaCly. 2H0 1.13 mM

MgCly. 6HO0 2.30

KH2P04 : 6.00 mM

KCL : -t 4,75 M

NaHC03 25.00 mM i
7 dextrose 11.00 mM

-

The Ringer was constantly gassed with a mixture of 95% .02 and 5%
COz to maintain pH at 7.4. - |
{ii) SURGICAL AND EXPERIMENTAL PREPARATION OF MICE
. Mice were rfir_xit:i::;l.‘Ly anaesthetized bv intraperitoneal
injection of Na pentabarbitone (Nembutal) 70 mg/Kg. A length qf
Intrame}ic Polyethylene 'Iubing PE-50 was ) sealed into the
peritoneal cavity witfh cyanoacryiate adhesi}re, : through which
sﬁpplementary anaesthesia was administered as required. ‘
Surgery was aided by =a éarl Zeiss - Jena
stéreomicroscope of . variable magnification. After shaving the leg
and back; a cutaneo;ls incision was made on the lateral surfacedof
.the right hind leg from the ankle to the sciatic .mtch. This

cutaneous laver was cut away exposing the hindlimb -musculature.

Biceps femoris was cut away SO as to expose the sciatic nerve.
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All 'oranches except the deep .peroneal nerve were transected.

(Figure 3)
The-EDL was exposed by . reflectmg medially the anterlor. .
tibialis after sectioning its distal tendon. By rolling the ELDL

l‘aterally its dual inmervation could be clearly distinguis;hed'from

that serving the anterior tibialis and lower foot (Figure 4)

w

This enabled denervation ok all ruscles except the EDL. By then’

gently teasing back and s€parating the cut nerve stumps the EDL

inervation could "oe clearly exposed. .

A length of silk 'thread was looped around the EDL tendon
of origin to facilitdte its- nan:.pulatlon for clanpmg by stalnless
steel tbrceps in  the musc].e bath. To complete 1sometr1c' :
conditions a stainless steel w1re, looped at both ends. was t1ed

4

to the d:.stal EDL tendon wmch was then cut: free. The wire J,oop

was’ subsequently attached to a force transducer.

A cannula pulled from Intramedic f’E—SO pring was used
to administer approximately 1. cc.of ‘citrated whote blood (see 2.1)

via the remoral vein. Blood for JLransfusion was removed via the

left ventricle of a healthy donor mouse. This was admmlstered

througnout the ‘surgery and experiment in about 0.1 cc doses given

-

over 1 - 2 minutes appro:-iimet;ely every 10. - 15 minutes.

Laminectomy of L1 to LS wds carried out. This

procedure involved first cleaning the vertebrae free of ruscle.

!
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FIGURE 3

Lower leg innervation of the mouse. All branches of the

sciatic except the deep peroneal nerve to EDL and anterior
tib'ialis were transected.

</
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FIGURE 4

The dual innervation of the EDL is shown as well as its

more prominent blood supply. By gently rolling back EDL the
anterior tibialis could be denervated.
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 Using DUMONT 15A TAB NIPPERS the lateral dorsal ghocesses. of the
vertebrae were then cut ’away. / Steadymg\the vertebrae w1th"
forceps, by the dorsal . splnal\ arocess, spinal segments were
removed sequentially by cutting through each vertebra at.
approximately its mid point-.' The upper half ofl the vertebrae
could then be removed and the spinal cord and spinal roots.
exposed. Grea‘t care was taken not to exert any excess mechanical
pressure on the spinal roots while the- spinal processes were
clipped and the vertebrae cut and re:roved.. After clearing the
muscle and exposing the sacrum region, e preparation was then
ready for mounting in the experimentai apparatus.

Mounting was achielved by supporting the mouse with
adjustable opposing pin-like calipers. These were arrangea 0 as
to support the animal by the sacrum and thg;\acic vertebrae.
Excess skin flaps were tied to the holders so as to form a pool
surrounding the spmé.L column. Body temperature was maintained by
a heating blanket resting underneath the supportl';jd mouse.
Temperature was maintained at 36° - 36.5° ough a thermistor
probe and feedback circuit (see Arpendix 2)

'Ihe experimental leg was placed into the bath chamber
and clamped at the ankle by stainless steel forceps. A 2.8% by
welght solution ot agar (Fisher Bactériological grade Zl;;;ar/Agaf)

was made. Before hardening this was Wed to first seal the body
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-and skin flaps of the spinal pocl. The -e;éperinental leg was then
sealed into the leg bath by agar dipped cotton wool. On hardening
the spinal pool was filled with parafin oil and the leg bath with

Ringer.

O 4
T o
A thermistorvprobe was used to monitor and maintain bath

terperature at_36. -.36.5°C via a hea‘f.ing coil. 95% 02/5% (02
gas was bubbled throughout the bath continuously. To establish
isometric conditions the upper tendon of the EDL was clarped by a
second set of forceps with the lower tendon attached to the force
transducer.The same procedure was used for both normal and
dystrophic mice.
iv) EXPERIMENTAL PROTOCOL FOR DATA RECORDING

after r:;::aunting the preparation bipolar silver wire
electrodes were placed !.mder the EDL nerve and a ‘flat surface
bipolar siiver wire EMG electrode was g;ositioned over the belly of -
the muscle. Stimulating electrodes (made of &g or stainless
steel) were rade bv bonding two iengths of wire approximately 1 mm.
apart with epoxy resin which also acted as insulation. EMG
electrodes were made in a similar fashion but wires were totally
embedded in resin. Upon hardening the tip was ground tflat sO as
to expose the wire tips. Electrodes were shielded in groqr_id"ééiole
and were held 1in nicro manipulators.

The polnﬁ of cotimum muscle tension was obtained by

~
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stimulating the whole nerve at a raté of 1 per 5 seconds, 50
‘microseconds duration, at 50% above the voltage that elicited a
maximal contraction. The muscle length was adjusted by a -
nicrometer to .which the transducer was attached until a maxirum

-

twitch tension was obtained.

The muscle was allowed to equilibrate while the dura was
removed from the exposed spinal cord. Dorsal roots were
transected near their entrance tw the spir{al canal. The cord was
then gently rolled back with fine glass needles to expose the
ventral roots. These were sectioned apg:':rohmately mic_iway between
their exit from the spinal cord to their exit from the spinal
canal. This left approximately 0.3 <a of ventral root to wprk
with. Motor units were isolated from the L3_ and L4 ventral roots.

Ventral root filaments were separated on a stainless
steel plate immersed in the preparation pool. A stimulating/
recording electrode of stainless. steel wire was used for ventral
root stimulation and antidromic ventral root action pqtential

S
recording. This electrode was arranged so as to be monopolar with
a length of dissected root of approximately the same diameter as®

the filament acting & ground to the animal itself. A

diagrammatic arrangement of the experimental set up is shown in

Figure 5.

-

Motor units were determined to be single by three
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FIGURE 5

A diagrammatic representation of the experimental set up
is shown. For details see Chapter VIII.-(iv). Motor units were

deternined to be single by the three criteria listed.



[

- # s/R

DORSAL ROOT

FORCE
- TRANSDUCER

I ALL OR NONE CONTRACTION
2 ALL OR NONE EMG.

3. ALL. OR NONE ANTIDROMIC

VENTRAL ROOT ACTION
po POTENTIAL
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criteria: \ 4
?
1) L or none contraction;

Z)j}yormneangaxud; .
~ 3} all or none antigromic wventral —root act:.ion
potential.

With a teased wventral root .‘filame-nt across the
stinulating/recofding electrode a stihulus of 50 microseconds
duration every 10 seconds was administered until threshold for
contraction and emg was achieved. The stimulus ‘was set at
threshold for several. pulses to confirm the all or nome
phenomenon, i.e. at thr.:eshold, contraction and emg should occur
about 50% of the tme It this was the case, the stlmulus. voltage
was then increased by 50% to"\observe that no alteration occured «in
either the contraction of erg. The unit's antidromic ventral root

" .
action potential was elicited by stimulation of the whole EDL
nerve. Threshold was found to see that tnhis potential was all o;
none in the same fashion as for the oontract;.i_ora..{ci emg. . If all
three criteria were met then the unit bei\ng examined was
considered 'single-.‘

Experimental data .were then collected. Uhit
contractions were fed to a TQACOR NORTHERN NS-575 DIGITAL SIGNAL

ANALYZER. For normal mice the average of 4 or 8 twitches (1 per

10 seconds) was taken, stored and transferred to a TEKTRONIX 502 A

- : i

. 0

>
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oscillescope as a standing wave pattern. This .was ;;hotographed by
a NIHON KOHDEN PC-2A continuous recorder on KODAK RAR FIIM 2495
(35-mm). For dystrophic mice averages of 16 or 32 twitches were

used to ;btam measurements.' In a similar manner the unit tetanus
was obtained (TRACOR average of 1). a 'pulse of 150
stiruli/second, duration 200 mil\J.‘EQ:aconds, was used to elicit
tetani in both units and whole mu'scg\of normal ané dystrophic
mice. - After tetanus, the antidromic ventral root- action potential
w\as then recorded and- stored on a TEKTRONIX 5111 storage
oscilloscope and the conduction time” measured. .The twitch and
tetanus of the whole mécle were than recorded and photographed.
This constituted the necessary data for lanalysis of a single
unit. This same protocol was followed for each unit isclated.
The termination of an experiment was deter‘mined by a fali in whole
muscle tetanic tension of greater than 15% of the initial tétanié
tension. This was taken to be an indication of a deteriorating
preparation. After termination of an ‘experimént:, the conduction
distance between the electrodes on EDL nerve and the ventral root
was measured by dissecting cut the rerve and la[ying a thread aloné

side. Conduction velocities could then be calculated. = Muscle

welght was determined by quickly excising the tissue and welghing

on ﬂrs ion balance. .
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v) CHARACTERISTICS OF THE APPARATUS

A schematic diagram of the experimental apparatus is
shown in Figure 6.. | |

As previously dlscussed, body tenperature was monitored
by a thermlstor Probe and a constant temperature maintained |
through_ a heating coil embedded in a supporting bl-anket. Fov;' the
leg pool’a separate thermistor probe and heating. coil maintained “a
constant 36 — 36.5°C ténperature.'

Tension was recorded by a transducer arranged as a

stainless steel &antiléver beam formed into a hook at one erd.

Four semi—conductor strain'gauges (Kulite UDP - 360-150) were

-
vonded to the beam; the whole of which was encased in a stainless

steel housing. The gauges were connected as a full bridge at the

"tranlsducer amplifier (see Appendix 3 for complete circutry). The

comp,l:.a.nce of the transduc;er was approximately 1 uM/gm with an
unloaded natural resonant frequency of 1660 HZ. Some data were
Obtained using a transducer of similar design but whose compliance
was approximately 1.5 uM/gm with an unloadéd natural resbnant

frequency of 1250 HZ. No difference could be detected between the

two.
_ .
The stimulus for contraction was provided by a GRASS $88
stimulator. The site of application of this stimulus, was

determined by the stimulus/recording box setting. With an.
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FIGURE 6

A schematic diagram of the experimental apparams is

shown. For details see text (Chapter VIII. (v)).
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- orthodromic setting the sﬁimulus'pulse was applied to the ventral
roof electrodes enabling stimulation of motor units. Force of
contraction was recorded as was the unit emy response. On an
antidromic setting the S88 stimulus impulse was deliyered to the
EDL nerve enabling whole mscle stimulation. The evoked
antidromic action potential was recorded Qi@ the ventral root
electrode. This signal, as well as the emg, when set
orthodromically, was amplified by a GRASS P15 prearplifier and
recorded by the TEKTRONIX 5111 oscilloscope.

Twitch tensions were processed as follows. The force
transducer signal was fed from the transducer émplifier to channel
I of the TEKTROWIX 5111 storage oéciloscopé. This same signal was
also passed to the input of a TRACOR NORTHERN NS-575 DIGITAL
SIGNAL ANALYZER. Here the predetermined number of inputs were
summated and averaged. The averaged output was then fed to a
TEKTRONIX 5022 oscilloscope and displayed as a standing wave
pattern for photographing.

Immediately before the S88 was-triégered a calibration
pulse was obtained by operating a relay which presented a known
resistance in parallel with dng of the arms ;f the bridge. A
DIGITIMER D~4030 was used to trigger'the‘cscilloscope (and signal
Aaverager) sweep, the calibration pulse and the stimulatorloutput.

The calibration pulse was of variable amplitude (controlled at the
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transducer ‘amplifier by switching in résistérs of different
values) and duration (controlled by the DIGITIMER D-4030). In
this way each sweep consisted of the calibration pulse followed by
the evoked twitch response, with the corresponding emg (if se: OD)
or th.e antidromic ventral root action.potentafl (1f set AD). Only
the caiibration and twitch response were q}.rra:raged by the TRACOR
unit and subsequently photographed. ~ For conduction velocity
calculations, the éntidrunic ventral root action potential
conduction time from the stimulus art;Eact was directly measured
from the TEKTRONIX 5111 scope.
vi) METHODS OF DATA ANALYSIS

The criteria for acceptance of a set of motor unit data
was chosen based on the whole muscle tetanic tension. Any whole
muscle“tetanic tension measured that had fallen by 15% or more of
the initial whof muscle tetanic ténsion was considered as
in&icative of a failing preparation and the unit's data associated
with thaic tetanic tension were rejected and the experiment

terminated.

4

i ‘Within experiments tetanic tension for whole muscles
showed no consistent trend i.e. continual ‘decline in tension.
However, in some cases whole muscle twitch tension did decliné by
as much as 30%, though the corresponding tetanic tension exhibited

less than 10% decline. This is similar to results reported for



-

cat by_‘Bul.Ler ‘et al (1981) who noted on an average twitch tension
(at ﬁhé end of a 2 to "6 hour experiment) was only 77% of the
initial tension while the corresponding tetanic tensions were
Wthin 5% of {the first. For this reason estimates ot motor unit
nunbers are’ based on whole ruscle and motor unit tetanic tensions.
The tabulated data of results is composed of mean values
of measured parameters. For this reason data were expressed two
ways. First the méan value + standard deviation (SD), to vield a
description of the dispersion or spread of data _about that mean,
and this followed by * standard error of the medn (SEM) to give a
measure of the precision or reliability of the sample rean. That
1s to say, the SEM indicates how close our mean is to the true
' Population mean.

Samples were determined to be independent and random by
using the Run Test for Randomness (Choi 1978) significant to the

P < 0.0005 level.
All data parameters were first examined as the
curulative probability of an event ranked and plotted on a normal
Provability ordinate. In all cases '(for exarple see.. F'iq-ure 12 and

14} both normal and d‘yst'rophic data did not deviate significantly

L

from the straight line which corresponds to a normal distribution.
Linear regression coefficients were calculated as an

indication of nearness to linearity. Their significance was set
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at the 1% level.

By dealing with indepéndent random sarples from normal
populations ha\}ing unknown means and unknown variance} testing of
the null hypothesis ul = u2 c¢an be achieved using the Student's t
test for unpaired data (Brownlee 1965). This statistic enables us
to accept or reject the null hypothesis for unpaired data of equal
or unequal pooulations.

Mean, standard deviation, ' standard error of the mean,
.regression coefficient, and the Student's t, were calcullated with
the use of a Hewlett Packard HP-65 Programmed Calculator. -
Significance in the t was set at the rost powerful level.

o For comparison of the interrelationships between axonal

V. and muscle parameters in  individual experiments slope,

intercept and linear regression coefficients were calculated.
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IX. RESULTS
1. WHOLE MUSCLE DATA
i) Mice . .

The average age of animals was 84 and 81 days for normal
an:i dystrophic mice, respectively. In terms of body weight normal
mice were significantly heavier than dystroph}cs: 29.1 + 3.2 am
(SD) and 22.0 + 2.5 gm (SD) (P 0.005).

1i) Muscle Weight and Tension Data

Data tor the abso.Lu.te tensions (Pt and Po) of normal and
dystrophic EDL are shown in Table III. Following. each experiment
the weJ;ght of the whole excised muscle was recorded and this was
used to calculfate t%-_:e normaﬁzed tensions | (expressed as gm

-~

tension/gm of wet ruscle weight). -,

It is obvious that the total wet muscle weighﬁ" is
significantly less in the dystrophic EDL. Absolute tension was
significantly reduced with dystrophy in both twitch and tetanus by
approximately 50%. This reduction in tension was also borne out
in terms of normalized tensions for the whole ruscle. Normalized
twitch tension was reduced by 39% and normalized tetanic tension
Dy 45% when compared with normal muscles.

Figure 7 shows representative whole muscle isometric

twitch and tetanus responses for both normal and dystrophic EDL.

In addition to the ocbviously reduced tensions, the characteristié
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FIGURE 7

Representative whole muscle twitch and tetanus. a) and
c) correspond to C57 and b) and d) to dy2J twitch and tetanus

‘respectively. Calibrations are shown.

[
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a. (€57 EDL twitch b. dy2J EDL twictch

CAL 3 msec, 1.10 gm CAL 3 msec, 3.36 gm
Pt 3.36 gm Pr 1.29 gm

c. C57 EDL tetanus d. dy2J EDL tetanus
Po 24.70 gm ' Poc 7.01 gm



slower time parameters (CT and IRT) of the dystrophic EDL. are
apparent. |

The fréquency distributions of both Pt and Po were
normally distributed in control and dystrophic EDL. In normal
mice the range of absolute twitch tension was 2.6 gm' to 6.0 gm
(mean 4.5 + 0.8 gm (SD)) while dystrophic mice exhibited a range
of 1.3 gm to 3.6 gm (mean 2.3 + 0.7 g (SD)).

Tetanic tension reflected this range of twitch tension;

16.5 gm to 37.7 gm compared to 7.6 gm to 19.7 gm for dystrophic

ruscle. .

No ‘sigrfificant difference was seen between
twitch/tetanus ratios of normal and dystrophic ruscle.
111) Time Parameters of Contraction

The post fundamental parametérs used in categorizing
whole muscles are those of time to peak twitch tension (CT) and
half relaxation time (iRT). The CT and IRT data obtained f;Jr
mouse EDL are given in Table IV. ‘

It can be seen there is a significant slowing™in the
dystrophic EDL when compared with controls. Both CT and iRT are
atfected. This 1s in good agreement. with previously reported
slowing associated with dystrophy (Parry and Parslow 1981).  This
slowing 1is apparent in the representative twitch contractions

shown in Figure 7.
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TABLE IV

[ SOMETRIC TWITCH TIMES TO PEAX TWITCH TENSION AND ONE HALF
RELAXATION TIMES [N NORMAL AND DYSTROPHIC EDL MUSCLE AT 36.5°C

y _ TIME TO PEAK ONE HALF
RUSCLE TWITCH TENSION RELAXATION TIME
DESCR IPTION™ (msec) {msec)
C57 EDL (15) 8.7 + 0.9 7.6 + 1.5
+ 0.2 + 0.4
dy2J EDL (15) 12.4 + 2,3 13.2 + 2.9
o + 0.6 + 0.8
I
P < 0.0005 : < 0.0005

a) Number In parenthesl!s Is N = number of mice studled.

b) Values are Mean + SD, + SEM.

c) P Indicates level ot slignlflcance using the Student's t+ test
for unpaslired data.
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2. MOTOR UNIT DATA
1) Motor Units

A total bf 64 motor units were isolated from 15 normal
EDL muscles and 60 motor units from 15 dystrophic EDL muscleg.
Bétween two aA% seven motor units were examined in inaividual
muscles.  Representative twitch and tetani of both normal and
dystrophic motor units are shown in Figure 8. Béth a reduced
tension output and slower time parameters in dystrophic motor
units can be seen; This is reflected in the numerical analysis.
ii) Motor Unit Tension Data

Tension data for the motor ‘units studied are shown in
Table V. The frequency distributions of motor unit Pt, Po ard
motor unit size (expressed as unit tetanic ténsién as a percent of-
whole muscle tetanic tension) are shown in figures 9, 10 and 11.

The mean motor unit twitch tension is seen to be
- significantly less for dystrophic motor units (170.3 + 68.8 mgm
(SD)) than for normal motor units (302.2 + 145.0 mgm (SD)). From
the frequency distribution, Figure 9, it appears that the
distribution of unit twitch tensions of dystrophic mice is
narrower i# range than those seen in normal mice. However,
dystrophic twitch tensions (range 45.0 to 349.0 mgm) still show
considerable overlap with normal tensions (fange 62.9 to 744.9
mgm) . ‘ -

- The frequency distribution of maximum tetanic tensions
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FIGURE 8

Representative motor unit twitch and tetanus. a) and c)
correspond to 57 motor unit and b) and d) to dy2J motor unit

twitch and tetanus respectively. _Calibrétions are shown.



a. C57 motor unit twitch

b. d¥2J motor unit twitch
CAL 4 msee, 385 mgm CAL 4 msec, 220 mgm
Pr 405 mgm Pt 153 mgm

c. C57 motor unitr tetanus d. dy2J motor uait tetanus
Po 1450 mgm ‘ Po 960 mgm
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FIGURE 9

Frequency distribution of twitch tension, for motor units

from normal and dystrophic EDL.

©

E motor units from normal EDL (64)
D Totor units from dystrophic EDL (60)°

Lower limit or resolution was 40 mgm.
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of all motor units is shcwn.in Figure 10. Tensions are arranged
in 300 mgm bins. Both sets'ofldata indicate normal distributions
with a 10 fold range' of data. For dystrophic animals the smallest
unit developadra maximal tetanic tension of 150.0 mgm and the
largest 1570.0 mgm. For normal mice the smallest tetanic tension
was 300.0 mgm while the largest was 3420.1 mgm. The mean tetanic
. tensiohs'produced bf motor units of normal and dystrophic mice was
significantly éiffgrent, Table V.

The frequency distribution ef Figure 10 shows the
majority of motor units from dystrophic EDL as being located at
the lower end of. the distribution of normal tetanic tension.
Unlike motor "units of normal mice, units from dystrophic mice
exhibited a mgch narrower dispersion of tetanic. tensions.
Although the average Po was reduced the majority of units from
éystrobhic_EDL were within normal confines. |

Table V shows that the twitch/tetands ratio was -not
significantly different suggesting no difference in the degree of
activation of motor unit twitches.

The 1mean unit size is given in Table V derived from both
the unit twitch tension as a percent of the whole muscle twitch
ana the unit tetanic tension as a percent of the whole muscle
tetanus. As indicated in Chapter VIII (vi) the value of unit ’

Po x 100/EDL is used to calclate numbers of motor units.
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FIGURE 10 .
Frequency distribution of tetanic tension for motor
units from normal and dystrophic EDL.
N motor units £rom normal EDL (64)

D motor units from dystrophic EDL (60)

Lower limit or resolution was 406~-mgm.
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For normal mice .the value of unit tetanic tension as a |

percentage of whole muscle tetanic tension indicates the average
motor un_it oontriﬁuted‘4.6% of the whole muscle tetanic tension,
little variation was seen in normal mice'(1.0% to 1l.7%.). TFor
dystrophic mice this value indicates the average motor unit
contributed 6.7% of the whole muscle tetanic tension (range 1.0%

18.4%.). By taking the r;ciprocal of these values we' can

timate the number of motor units in normal EDL to be

approximately 22 while for dystrophic EDL there are approxiﬁiately
15 motor units.

Figgre 11 shows the'frequency‘distribution of notor unit
sizes. - Both are normally distributed as indicated by their
cumulative probability lplots, Figure 12. However, dystrophic
animals exhibpited several units whose mean relative size was
considerably larger than any normal notor unit size.

iii) Time Parameters of Contraction

The twitch time %o peak tension and half relaxation data
obtained for the EDL motor units studied are presentea in Table
VI. Motor units E:om dystrophic EDL were significantly slower in
both CT and 4RT. Figﬁre 8 also reflects this. In both paramet;.ers
the data dispersion was ‘considerably greater for motor units of
dystrophic mice than for units from normal animals. Figure 13,
the freguency distributién of unit CT in 1 msec bins, clearly
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FIGURE 1)
Frequency distribution of tetanic tension as a percentage of
the whole muscle tetanic tension for motor units from normal
and dystrophic EDL.

N motor units fram normal EDL

D motor units from dystrophic EDL '
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FIGURE 12

Cumilative probability plet of moto& uhits ranked in

. omder of UNIT o x 100/EDL plotted on a normal probability
ordinate. Both normal and dystrophic data do not deviate
significantly from the straight line which corresponds to a normal

distribution.
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TABLE v

ISOMETRIC TWITCH fIMES.TD PEAX TENSION AND ONE HALF RELAXATION
FOR MOTOR UNITS OF EDL FROM NORMAL AND DYSTROPHIC MICE AT 36.5° C

-
TIME TO PEAK ONE HALF
MUSCLE CONTRACTION RELAXATION TIME

DESCRIPTION (msec) (msec)
C57 (64). 8.7 + 1.2 8.6 + 2,1
+ 0.2 + 0.3
dy2J (60) 11,9 + 2.7 14.0 + 4,0
' + 0.4 * 0.5

p < 0.0005 ¥ < 0.0005

a) Number In parenthesls 1s N = number of motor units studled.
b} VYalues are Mean + SD, + SEM.

c) P indlcates level of slgnlflcanée using ‘the Student 's + test
for unpalred data,
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deronstrates this. Both groups of data are normal distributions
about their respective means. ' Figure 14, the .cmmiative
probability plot of CT, demonstrates no significant deviation from
the straight line indicative of a normal distribution.

In normal muscle, motor unit CT are closely grouped
abcut their mean 8.7 + 1.2 msec (SD), range 5.4 &t‘o 11.9 msec.
Dvstrophic motor units exhibit a songwhat wider fange of values
6.0 to L7.6 msec, mean 11.9 + 2.7 msec .(SD).' For dystrophic EDL
motor unit CT a bimodal distribution suggested itself (with means.
at 7.0 and 12.6 msec). However, as noted, cur_mlativé ﬁ)iotting on
probability paper (Figure 14) was unable to indicate this as a
separate population and gave results suggesting a normal
distribution. Approximately 75% of the motor units of dystrophi;:'
EDL examined fell outside the range found in normal mice. Some
unit&lid__o-xist in dystrophic mice however, whose CT was equal_. to
£he fastest normal units, Figure 12.

One half relaxation time was significantly prolonged in
motor units from dystrophic EDL, Table VI. The data dispersion
was considerably greater for dvstrophic mice than the normals.

iv)  Interrelationships between axonal conduction felocii;y and
motor unit mechanical parameters

Table VII shows the axonal conduction velocity and

conduction time for normal and dystrochic ‘motor units. The mean
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"FIGURE 13

Frequency distribution of motor unit times to peak
. 3
tension (CT) for normal and dystrophic EDL.

E motor wnits fram normal EDL

[:l motor wnits from dystrophic EDL
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FIGURE 14

" Cumulative probability plot of motor units ranked in
order of CT plotted on a normal probability ordinate. Both normal
and dystrophic data do not deviate significantly from the straight ‘
line which oorrespondé to 2 normal distribution.

(normal ®r
dystrophic O r

.98 p<.0l

97 o< -01)
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axonal conduction. velocity was significantly faster for normal
mice than for dystrophics. The mean conduction time was
significantly shorter for normal mice Rhan for dystroohics.

Units £from normal mice exhibited a wider range of
conduction velocity than dvstrophics. Save for one unit whose
conduction velocity was 110 M/sec normzl units re;nged from 52 to
-88 M/sec. Units from dystrophic mice ranged from 33 .to 55 M/sec.
A similar trend was 'seen with unit conduction time. Normal mice
ranged trom 0.50 to 0.88 msec while dystrophic mice exhibited a
range trom 0.80 to 1.40 msec. In both cases little overlap of
distributions occured betweeen rormal and dystrophic data.

It has been suggested that various relationships  exist
between the axonal conduction velocity and the mechanical
paraneters of motor units. Various relationships among axonal
co:mduction velocity, conduction time, CT, Po, Pt/Po and motor unit
size wére examined. Only animals from which five or more units
were isclated were considered. The data are gnresented graphically
in‘Figures 15, 16 and 17.

Figure 15 a,b shows the relationship between axonai cv
and CT for units from 5 normal mice and 4 dystrophic mice
r.espectively. The idea that axons with fast conduction velocities

have fast times to peak is examined. Lines represent a best fit

from linear regression analysis. No cbvious relationship can be
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TABLE V1l

AXONAL CONDUCT ION VELOCITY AND CONDUCTION TIMES FOR MOTOR UNITS
FROM NORMAL AND DYSTROPHIC EDL AT 36.5* C

CONDUCT | ON CONDUCT I ON
MOTOR UNIT VELOCITY . TIME
DESCRIPTION (M/sec): (msec)
C57 (49) : 70.1°+ 11.8 ' 0.67 + 0.12
dy2J (46) 46.3 + 5.7 0.99 + 0.13
+ 0.8 + 0.02
P - < 0.0005 < 0.0005

q—~‘““‘~\_////

a) Number In parenthesis Is N = number of motor unlts studled.
b) Values are Mean + SD, + SEM,

c) P Indicates level of signiflcance using the Student's t test
for unpaired data. )
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seen for the data.

As .large displacements along the conduction veloc:iﬁy‘

axis might obscure a relationship, the reciprocal of conduction
time was used to eJ.iminat';e this horizontal dispersion in Figure 15 ,.
c,d (Ridge 1967, also see Chapter IX). Here to0 no significance
could be shdwn within experiments or between experiments.
If one accepts the belief that large diameter axons have
large conduction velocities and because ot t_heir size are able tb
innervate' greater numbers of nmuscle fibres, then a relationship
between axonal conduction veélocity and motor unit Po should
exist. Such a relationship is studied in Figure 16 a,b. From the
regression coefficients of e:Eperiments no linear relationship
exists for individuals and examination of the best fit. J.ineé shows
no obvious relationship.

Here too PRo has Dbeen plotted against reci;_?rocal
conduction time but again no relationship is evident.

Figure 17 a,b and ¢,d examine the relationships of motor
unit Po, Pt/Po and CT. Again no relationships could be detected

in either normal or dystrophic rotor units.

-
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FIGURE 15

15 a, b Motor unit twitch time to peak tension plotted against
axonal conduction velocity. a) corresponds to units fram normal
EDL, b) to units from dystrophic EDL. (r is the linear regression

coefficient).

/a(;uormal Arl= .40 (xS), +12 = .17 (NS), M3 = .10 (NS),
| X4 =.97 (p<.05), @ r5 =.10 (NS): '
b) dystrophic Arl = .79 (NS), + 72 = .28 (NS), Mr3 = .44 (NS),
Xrd = .85 (p<.05)
15 ¢, d Data of a) and c) replotted using the reciprocal of
axonal conduction time on the abscissa. c¢) corresponds to units
fram normal EDL, d) to units from dystrophic EDL.
A Y
c) normal Arl = .35 (NS), +r2 = .44 (NS), M3 = .14 (NS),
Xrd4d = .5 (NS), @5 = .75 (NS);
d) dystrophic A rl = .68 (NS), +r2 = .20 (NS), M r3 = .41 (NS),
Xrh = .70 (NS). S
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FIGURE 16

16 a, b Motor unit tetanic tension plotted against axonal
conduction velocity. a) corresponds to units from normal EDL, b)
to units from dystrophic EDL. (r is the linear regression

coefficient).

a) normal Arl = .57 (NS), +r2 = .io (NS), W3 = .41 (NS),
Xr4d =0 (NS), @15 =.39 (NS); -

b) dystrophic ATl = 0 (NS), +12 = .44 (NS), Wz3 = .49 (8S),
X4 = .28 (NS) '

16 ¢, d Data of a) and b) replotted using the reciprocal of
~ axonal conduction time on the abscissa. c¢) corresponds to units

fram normal EDL, d) to units from dystrophic EDL.

¢) normal Arl =.32 (NS), +r2 = .10 (NS), W3 =.10 (NS),
Xr4 =0 (NS), @15 = .17 (NS);

d) dystrophic Arl =.20 (NS), +r2 = .26 (NS), @3 = .45 (NS),
X r4 = .41 (NS).

J
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FIGURE 17’

17 a, b Motor unit tetanic tension plotted agair{st' time to peak
tension. a) corresponds to units from normal EDL, b) to units
from dystrophic EDL. (¥ is the linear regression coefficient).

!

a) normal Arl = .52 (NS), +r2 = .17 (NS), W3 = .39 (NS),
Xr4d=0 (NS), @®r5 = .36 (NS);
b) dystrophic Arl =.20 (NS), +r2 = .57 (NS), B3 = .45 (NS)

Xr4 = .41 (NS)

17 ¢, 4 Motor unit twitch/tetanus ratio plotted agains time tO
peak tension. ¢) corresponds to units from normal EDL, d) to

units from dystropic EDL.

c) normal Arl =.71 (NS), +r2=.28 (NS), W3 =.70 (NS),
X r4 = .30 (NS), @5 = .48 (NS);
_d) gystrophic Arl = .36 (NS), +r2 = .36 (NS), W3 = .17 (NS},

Xr4 = .45 (NS).
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X DISCUSSION o

As a first: report of the motor unit properties of a
mouée fast muscle the findings for normal EDL motor units are of
significant interest in themselves. Having also been able to
successfully functionally isolaté EDL motor units from dystrophic
dy2J mice, comparison of the two will represent the fi:rst report
of its kind. Aas only indirect.studies of dystrophic motor units
 have been reported (Harris and Wilson 13971, Law and Caccia 1975)
sare of the conclusions to be drawn must stand on their own.

However, whenever possible comparison with the literature will be

made.

As has been indicated certain distinct predictions can
be made for motor unit ‘properties‘ if dystrochy is considered as
either myogenic or neurogenic. In addition to examining the
effects of dystrophy on EDL motor unit properties these
predictions will be e:«:amined'7 in an attempt to indicate the
etiology of murine muscular dystrophy.

Some of the relevant literature discussed is derived
from studies using the 129 ReJ dy/dy strain of mouse and it must
be pointed out again that while this genetic mutation and that ‘of
the dy23/dy2J rrbuse .tused in this study) are allelic, theirl
etiologies ard phenotypic expressions are not necessarily
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identical (Parsons 1974, Harris and Montgomery 1975).

Significant decrease in whole EDL muscle weight occured
with dystroohy. This weight loss can be attributed to musclé )
fibre loss (Rowe and Goldspink 1969, Parry and Parslow 1981).
" Associated with this loss of whole ruscle weight was a decrease in
absolute twitch tension, tetar;ic tension and § decreased
norralized Pt and Po. These obsefvations are probably .the most
commonly reported effect of dystrophy on whole: muscle.

Others have reported on significant’ decreases in tension
for the dy strain of mouse with soleus, gastrocnem;j.us and EDL
(Sandow and Brust 1958, Brust 1966, Douglas and Baskin 1971,
Taylor et 2l 1971, 1974 and Hofmamn and Ruprecht 1973).

Considerably fewer studies using the dv2J strain have
been reported. Harris and Montgomery (1975) examined the aqterior
tibialis. They noted decreased ruscle weight, decreased Pt and Po
and decreased normmalized tensions with dystrophy. As in -this
study they also saw no significant difference between rbrmal and
dystrophic Pt/Po ratios. It therefore seemns that despite the
morphological alterations due to the disease the degree of
activation of the muscle is not altered between normal and
dystrophic animals. Parry (1977) examined the EDL (dyaJ) of mice'
of approximately the same age as those used in this study and
showed the same trend with regards to ruscle weight and maximal

<
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twitch tension.
Oba et al (1978) examined the electrophysiological
characteristics and ultrdstructural features of single muscle
fibres from nofmal (C57) and dystrophic {dy2J) EDL muscle. 'fhey
showed single muscle fibres exhibited an age-depender.lt reduction
_in tension .gene:ation despite a myofibrillar structure that was
- relatively well preserved, even at advanced stages of the
aisease. . They did- show dystrophic fibres had a poorly developed
T-system w1th dlsrupted tubules and suggest that the decreased
tens:.on in dystrophlc muscle is prlmarllv caused as a result -of
the immature disrupted T—system which is essential in
exc_itation'/cont;'action <coupling process.
| The cata for speed of contraction and half relaxation
clearly demonstrate a siowing o:‘f the éystropbic EDL. The ém: was
more affected, being prolonged by 43% while the CT was increased
t;y 30%. These observations are consistent with previous studies
(Parslow and Marry 1981) in which a significant slowing in old
dystrophic EDL was reported. The actual values reported for
dystropﬁic EDL were slower than reported here but this may be
related to thé age differ:ence of mice, greater than 6 .months
versusl 3 months, used in this study. They .demo-nstrated a:
progreésive slowiné from young (4-6 weeks) animals to old ( 6

months) animals. One might reasonably expect 3 month animals to
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fali somewhere between the values they'report for young and ©ld

rmice; and in fact this is the case. ..

Comparison with other literature using dy mice is

-
.
I

difficult due to strain differences. Brust (1966) studying oy
gastrocnemius saw a slowing of both the contraction and relaxation
phases .of the twitth with dystrophy while Douglas and Baskin
(1971) saw only an increase in IRT and no significant ci)ange in CT
with dv EDL compared to controls.  Harris and Wilson “(1971)
reported an increase in CT while Montgomery (1975) reported o
. _cna:nge 1n this pérameter. Sabbadii:mi and Baskin (1976) reported a
decrease in (T which théy attributed to a decreased intensity,
duratlon, and rate ot decay ot active state.

In dy2J mice Harris and Montgomex:y {1975) showed an
increase in CT for anterior tibialis while Hironaka and Miyata
(1975)- using EDL. found an increase in both time to peak tension
and half relaxa.tiori time. ’ |

Parry and Parslow (1981) suggested that the slowing

observed in EDL represents an intrinsic change in the properties

7 A-r-
J"

of dystrophlc _nmsc.-re based on their observed conversion to "slow"

propérties w:.tn' *‘egard to both oooling and post—tetanic
potentiation. ’I‘his intrinsic conversion resulting in an increased
CT and exteh&ed IRT may be due to several interrelated

parameters. - Both Dribin and Simpson (1977) and Parry and Parslow
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(i981) have implicated the spontaneous hindlimb activity as a key
factor in the histological and physiolégical observat.ions of
dystrophic muscle. Silvemman and Atwood (1980) suggested that
this activity results in a shift towards a more oxidative
profile. In addition it has- been shown (Pette et al 1976) that
continuous stimulation ot fast-twitch muscle at 10 Hz results in a
conversion towards a more oxidative profile and an associated
increase in time parameters. This is accorpanied by a shifting of
the myofibrillar ATPase activity towards that of Type I fibres.
Therefore it seems cleér that the altered hindlimb activity
pattern seen in dystrophic animals contributes to the overall
rs,Lcwing seen in fast ruscle. -

Both Dribin and Simpson (1977) and Parry and Parslow
(1981) demonstrated a significant loss of Type II gl_ycolytic
f}"ibres in gastrocnemius and EDL respectively with dystrophy. This
leaves a predominance of Type II . oxidative fibres in these
dystrophic muscles. This resultlmay be achieved by a selective
loss of Type II glycolytic fibres, due to dystrophy, -or it may
result from a conversion to intermediate then Type II oxidative
fibres caused by spontaneous hindlimb activity and 'a subsequent
loss of Type II oxidatives due to dystrophy.

.

Burke et al (l§73) in cat have shown motor units of the” -

Type II oxidative fibre type to be slower in CT and more prolonged -
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in {RM when compared to II glycolytic units. ‘It.therefore
seems plausible to propose that the increased contribution of Type
II oxidative fibres serves to slow the time parameters of a muscle’
1n which 1t predominates.

In addition, prolongation of the iRT in whole dystrophic
EDL may be contributed to by the dJdecreased Cat2 reuptake
mechanism. This observation has been clearly defined in isolated
sarcoplasmic réticulér fractions from dystrophic ruscle (Martonosi\
1968, Mrak and Baskin 1978) and is supported by an altered ultra
structure iﬁ‘dystrophic sarcoplasmic reticulum. (Shafig et al 1969,
Mrak and Baskin 1978).

These rnuscle parameters reflect the cumulative
contribution of the motor units that make them up. Therefore to
petter understand muscle in normal and diseased states an
understanding of the constituent motor unit properties 1S
invaltiable. “The results presented in this thesis for motor units
represent the first such report of functionally isolated units
from a fast muscle ot mousé.A More importantly, it is the first
~report of functionally isolated motor units from dystrophic
gnimals.

The :I'elative meaﬁ tetanic tension of motor units from
normal mice was 4.6 % of the whole muscle tension. The 11 fold

range seen in normal EDL unit size was not significantly greater
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than that reported for the slow soleus motor units (8 fold) of .
normal C57 mice (Lewis et al 1982). The range of motor unit size
for dystrophic units was similar to that of normal units (Figure

11). The mean value of unit size was however significantly

greater, 6.7%.

~,

As has been demonstrated for the theoretical
distribution of relative motor unit size (Figure 2b) a shift
towards a greater mean unit size is not consistent with a random
myopathy in which mean relative size would remain unchanged.
However, such an observation (Table V and Figure 11) is consistent
with an acute neuropathy. .

. The reciprocal of the mean motor unit size gives an
estimate of the number of rotor units in the miscle. For normal
EDL this corres;onds to 22 while ‘for dystrophic EDL theré are

aporoximately 15, a reduction of 35% in the motor unit population.
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Both Harris and Wilson (19;11) and Law and Caccia (1975)
claimed a decreased number off motor units in dystrophic dy
anterior tibialis and dy soleus, respectivély. However, as has
been pointed out in Chapter III and VI the methcsd of incremental
stimulation of the whole nerve to evoke motor units .requires
assumptions fthat have been strongly criticised. In terms of
mechanicél nfeasureménts (i.e. Po) non-random recruitment of motor
units, thatgmay result fran this technique, can cause erroneocus
estimates o__E moﬁbr _ unit mumbers. - With regards to© the. evoked ~
action potential measurements made by Law and Caccia x(1975), tfie
.‘ assmnpt-ion of linear summation of the evoked motor unit responses |
has been criticised and ;nay lead to unde_restimtes of mator unit
nurbers (Parry, Mamwood and Chan 1977}. - ' i

This thesis represents the first report of -“a
statistically significant decrease in motor unit. numbers in tﬁe
EDL of dy2J mice. The techniqﬁe of functio;'ually isolating motor

units avoids the criticisms of previous work in enabling the

determination of motor unit numbers.

If muscular dystrophny were of myogenic origin then one
would ‘expect a random loss of muscle fibres resulting, with the-
progression of the d)isease, in a normal or only slightly reduced
numbex of wvery weak motor units. 'Ihé results report'ed here
indicate a significantly reduced number of motor units whose

<&
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tensions are within thé rangé of normal rotor unit tensions. This
may be.construed as support for a neurcgenic etiology to muscular
dystrophy. ‘ ' | .
In- contrast to McComas' sick motorneurone  hypothesis
Desmedt and Borenstein (1973) have suggested tt;at in man.
dystroplilc motor axons are capable o©f reinnervating muscle
fibres. If we assume for the moment that this might be true also
in murine dystrophy then we would E;redict dystrophic muscle woﬁld
exhibit large size units (a.'s a percent; of -thé whole muscle
tension) that also produced significantly larg;r tensions when
corpared tO controls. This is not . the observed case. Though
Figure 11 shows same dystrophic units contribute as much as 14% -
18% of the whole muscle tension, their mean absolute tetanic
tension 1s still less than the mean normal unit tetanic tension
(1217 gm versus 1429 gm respeétively, though these values are not
statistically signiticant). It would ‘therefore seem that such a
unit in dystrophic muscle appears relatively large only due to the
loss of other motor units within that muscle, but is not larger in
an absolute sense.

The absence of units from dystrophic EDL whose absolute
tensic':ns. are greater than units from normal EDL is in agreenent

with the "sick" motorneurone hypothesis. The remaining -

notorneurones in dystrophic muscle may be sick and incapable of
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successful:Iy reinnervating by collaterals those fibres that have.
lost their neuronal influence. Parry and Melenchuk (1981) have -
shown that, following nerve section, reinnervation of EDL is less
complete in dy2] mice than in pormal.animals. " This may be
considered also as evidence in favour of the presence of "sick"
motorneurones. McComas et al (1974) have shown an absence of
‘larger than normal nbtor units in dystrophic patients which
S supports the idea of an inability of motor ax;ms in dystrophic
mice to-send cut successful collaterals.
' ‘ The actual estimate of the number of motor units for
".riormal‘ and dystéroph-ic EDL presented here cannot be verified
directly through the. literature. However, the estimate' of 22
motor units for normal: EDL is similar to that reported by Lewis,
Parry and Rowlerson (1982) for normai C57 soleus, using a similar
t:.ec:hnique. Soleus is a muscle of approximately the same size.? ‘and
- weight and ‘therefore it would seem reasonzble to assume its motor
unit pool woulé approximate that of EDL.

| Similarl; lsarry, McHanweil and Haas (1982) have repor“ted
on the rotorneurone po‘ol of normal and dystrophic C57 soleus.
They used the retrograde transport of Horseradish peroxidase to
label the motorneurcnes in these muscles and estimated the number
ot alpha motorneurones stained was 25 for normal soleus and 20 for
dj'gstrdphic soleus. This again is suggestive that the ngnbers of

[

- 133 -



motor units that have been reported in this thesis for EDL are

reascnable.

The va'lue‘ reported by Parry et al (1982) for normal
soleus moteorneurones was similar to that obtained in RaJ 129 mice
by Law and Caccia (1975) using an electrophysiological estinFtihg
method. It therefore seems that despite reported abnormalities in
axoplasmic flow in the dystrophic mouse (Bradley and Jaros 1973,
Komiyva and Austin 1974, Tang, Komiya and Austin 1974, Kuffer,
Komiya and BAustin 1977) this method of labelling is quite
reasonable and. retrograde transport of HRP is not impaired in
alpha motorneurones of dys_trophic: mice.

Other indirect evidence exists to support a neurogenic
concept of dystrophy suggestive of a dropping cu£ of whole motor
'uhits as opposed to a random myopathic degeneration. This comes
in a nurmber of reports dealing with nerve fibre counts.

Harris, Wallace and Wing (1972) counted the myelinated
nerves in 3;4 month old anterior tibialis of normal and dystrophic
- 129 ReJ mice. They div;.ded their nerve fibres into two groups;
large diameter myelinated axons including alpha rotor nerves and
large afferents (Type I) and small myelinated axons including Type
11 afferents and gamma efferent fibres. A significant reduction
infaxon nunber was shown for dystrophic nerves and suggested a
. failure of development in the peripherai nervous system. Based on

s
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the decrease in both .g.roups of axons they ooncluded that both

sensory and motor nerves were affected. Bradley and Jenkison

(1973) confirmed this loss of myelinated axons for the sciatic

nerve ot dy mice and several ot its branches.

Montgomery and Swenarchuk (1977, 1978) studied both

T -

ﬁﬁ%clé fibre counts and myelinated axon counts in C57 and RaJ
m_ice. They corpared nornf} and dystrovhic soleus, plantéris,
medial gastfocnemlus and E:DI.‘. in mice aged between 4 weeks and 72
wegks. M;.:sclfa fibre loss ‘Tvgs _pro;_.]ressive altl{ough the rate was
taster for _dy‘ mice than dy2J animals. 129 ReJ dy/dy mice did ‘not
exhibit a _?rogressive loss of axons as did C57BL/6J dy2J3/dy2J
mice, but showed a significa;ﬁ;.;. loss of nerves already present at 4
weeks that remained unaltered throu; Té weeks.

It would therefore appear that the observed loss qf
motor units in dy2J EDL reported in this thesis is consistent with
a neurcgenic etiology for dystréphy and this is further supported
by the observations of reduced HRP-stained rotorneurones,
progressive loss of myelinated éxons and by the indirect
physiological estimates of motor unit nurmbers reported by others.

However, with no method such as the glycogen depletion

© technigue to i1dentify the muscle fibres of a: specific unit one

cannot directly test for the etidlogy of dystrophy and must settle

for conclusions that are consistent with its implications.
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We have seen in Chapter VII the theoretical frequency
distributions for absolute tension. Figure 9 and 10 show the
observed distribut:_ion for motor unit twitch tension and tetanic
tension, respec.tively. This discussion will deal with the
distribution of motor unit tetanic tension (refer. to Chapter VIII
for the basis of this). A similar 'discussion could be apélied to
the unit twitch tex.ﬁsion distribution and consequently will not be
included.

The mean unit absolute tetanic tension (Figure 10) shows

a significant Jdecrease (1438 mgm to 840 mgm) and a shift towards

lower wvalues of - tension. This is not consistent with the
predictions for 'a pure (acute) neuropathy. It is however
consistent with a random myopathy.

It would therefore appear that we are not dealing solely
with an acute neurcpathy or a pure myopathy but some intermediate
state or compination of the two. This might arise in two ways.

Fi-rstly if dys directly affects the muscle with this
having an indirect effect on the motornmeurone or, dystrophy has a

direct effect on a common denaminator in both muscle and nerve.
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The weakening of units in dystrophic mice is not the
result ot an altered degree of activation' ot the twitch. In motor

units and in whole muscle the - twitch/tetanus ratio was not

significantly ditferent between normal and dystrorhic animals.

This would suggest that despite any loss of muscle fibres and

their replacement with connective tissue this does not alter the
2 ) ) )

degree of activation of dystrophic motor units.

The reduced mean twitch' tension for motor units of

dystrophic EDL may be due to either a decreased tension output per

muiscle fidre or may arise from a loss of functional muscle fibres

in the agt‘ected "sick" rmotor units.

-

Law and Caccia {1973) claimed that in dy soleus the 40%
reduced mean unit Pt they estimated from graded threshold nerve
.stimlation of motor units represented a "functional dener.'vati::)n:'
?t 40% of the muscle E_ibres in dystrophic s.o-leus.' Parry (1977)
has questioned this suggestj.ng that because they detected no
difference b’e;weén the sizes of dyé;troph?c and normal motor unit
action potentials {presumably indi‘cative of the number of g%bres
producing action potentials) it would seem simpler to explain\thé
.decreased unit tension as due to functional fibres bécaning
relatively weaker. |

Briefly, when compared tO normal soleus, Law and Caccia

{1975) observed- the following:
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decrease in whole ruscle Pt
decrease in motor unit Pt

decrease in whole muscle AP
no change in rotor unit AP

-

The combination of decreased rotor unit Pt and no change
in motor unit action potential must mean that while these units
have no decrease in their number of muscle fibres the fibres have
become weaker. 'ﬁme Observation of a decreased wﬁole mascle AP but

'no change in the motor unit AP clearly means that some units have
been los‘t.

)  The following scenario could *explain these observations
and be consistent with a "sick" motorneurone hypothesis. Suppose
a motorneurone becomes non—functi_or_zal through a loss of its
trochic influence on the muscle fi_bres of that unit. The unit
would become weaker. But, "since the axon and neqrom.lscular
junction (NMJ) may still be intact there'wou.Ld be no change in the
Motor unit AP. E‘urﬁher, s.uppose that tt-xe tibres continue to
weaken and that at some critical point either the ruscle fibres,
the NMJ or the axon itself becomes electricaly inexcitable. At

this point this motor unit's AP would go to zero. If the axon

were the site of this electrical inexcitability, there would be an
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instantanecus transition from -a 100% MUAP to 0% MUAP. If the
fault lay within the muscle fibre or the NMJ such an instantaneous
transition might not be expected. However, if this transition
state were relatively short one might still not expect to observe
this.brief phase of decreased MUAP .

In such an interpretation the observations of Law and
Caccia are accounted for, as well as Egeing consistent with a‘
neuropathy involving "sick" motor.neurones. This hypothesis can
also account for the observations made in thii thesis and may
represent the most plausible explanation. As. the' trophic.
influence is withdfawn and muscle fibres become ‘weaker the mean
unit Po will decreas.e, as observed. As some units would be
unaffected and scme' more affected, this would éccount for the
. observed relative unit size distribution and the presence of some
relétively large units. ‘Simil'arily, unaffected units would still
exhibit fast CT, as shown in Figure 13, while ti;e mean CT 1is,
shifted towards greater CT (assuming ﬁe altered trophic influence
causes_ari increased CT, which seems reasonable). At some critical
stage whole motor units drop out .ar‘d therefore “we see a decreased
ﬁmnber of motor units in the dystrophic EDL.

Such an interpretation would also be consistent with -
previous observations on the functional innervation ratio of

dystrophic EDL (Parry 1977) and the decreased counts of myelinated
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nerve axons {Montgomery ang Swenarchuk 1977, 1978).

| 'Interestingly, Law and Caccias' observation of a 40%
decrease in mean‘mtor unit twitch tension for dy soleus and-
Harris and Wiison's (1971) observatiorll of a 44% reduction in dy
anterior tibialis mean motor unit twitch tension are very similar
to the 43% reduced motor unit Pt for dy2J EDL reported in this
thesis.

The trequency distribution of normal EDL ruscle .motor

‘unit twitch times to peak tension was seen toO be quite narrow;

clearly urimodal and. normally distributed (Figure 13 "and 14).

This distribution is remarkably close to that reported by Luff and

. Atwood (1972) for single muscle fibres in mice. Close (1967)

: distribution;,- This seems the more probable. -

showed a similar histogram for EDL motoi: units in rat. Both-the

unit data reported here and that by Close are reflected in a

unimodal narrow frequency distribution of whole ruascle CT. .

" Suchr a'nar:rw unimodal distribution of CT in normal mice
might arise iﬁ either of two ways. E‘irst_ly there may be no
difference Dbetween the CT in Type II oxidative ané “Type II
fglycolytic dng.ts. However, in view of data from cat, raW
mouse {Lewis et. al 1382) this seems highly -unlikely.

Alternatively, there might be two normal populations whose

distributions so overlap as to vyield a single unimodal

-
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In: dystrophic EDL the unit twitch time to peak
distribution is conSLGerably different from that for normal CEDL
units. A definite shift t.owards increased CI' is shown. This is
r:eflected in' t_he significantly increased mean -unit- time to peak
11.9 msec vs 87 msec, resg;ectively. While there appears to be an
almost biomodal  distribution, and some distortion of the
pfobability line dees occur m the region of units of less than i
8.0 msec CT (Figure l?%\ocmnul‘.ative probability plotting (Figure
14) and linear regression andlysis were unable to detect -this as::
significan:: and indicated a nor.jrr_bal unimodal distribution ‘for:.'.'
dystrophic EDL.

in the case of a random myopathy the _predicted.
‘distribution' v-oo‘ld. be shifted towards an increased ;,eén Cr. In an .
“acute neurcpathy rio change in distribution of CT or mean CT should
occur. From the theoretical dist;ributions for time to. peak
(sequence FigLire 2c¢) for CT the results observed are consistent
only with the case in which some units are affected (slowed).
This is in agreement with the -previous discossion of results for
absolute tens:.ons. and relative unit. 512e and the proposed

explanation of the data.

.Two methods by which a selectlve neuropathy might act
have been previously proposed. Parry‘ ‘and Parslow (1981)

demonstrated that in the EDL of dystrophic C57 ‘mice there is a
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very marked decrease in the  proportion of Type II glycolytic

- fibres with the reduction of total fibre numbers in Qystrophic EDL

. being almost identical to the reduction in Type II glycolytic

fibres. This would initially suggest a selective loss of Type II

glycoly‘qic fibres. If this were the case then one would predict a

slowing” of the whole ruscle because the remaining motor units
would be predominantly Type II oxidative. In terms of rotor unit
CT distribution one would expect a Skewed distribution cdmposed of
those glycoﬂ:}gi?\s.n;tg_ that have not ire.t bee.n affected and mo
chaﬁge in the 'dis.t;rik;ﬁtion of those-oxidative units that are
unaffectes This deoes not séem to be the case (Fighre 13).
Parry ' warns however that .their histological findings mav e
indicative of a progressive shift in fibre type f“r.:ém IT E_;lyoolytic
to intermediate to II oxidative, possibly due, in part, to the
hindlimb épontaneo;Js activity, followed by.death of the II
oxidative fibres due to éystrophy. Were this the situation in
dystrophy, motor unit distribution of CT would appear as
observed. This latter int.erpretation would also be consisteht
with the previous expressed hypothesis (page 138) since withdrawal
of the trophic influence and spontaneous activity would allow
fibres to shift to-an intermediate state.

- The dystrophic EDL CT hlistogram‘ shows some motor units

-still exist which are as fast as the fastest normal EDL motor

-
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. units. In-a neurogenic etiology this would be predicted, and it
would be reasonable to assume that theee_ correspond to aaaffected
motor units. These unaffected units would be expected to have
identical parameters to their normal counterparts By grouping
these units (CT less than 8.0 msec) from dystrophic mice and
comparing them to _their corresponding normal EDL units it can be
seen in Table VIII that these may  in Eact. be ident:ieal
_populariens. r‘I‘he presence of units in the dystrophic EDL that
exhibit- mechanical parameters' similar to. those units from normal
mscle is coﬁaisrent with a neurogenic\ eticlogy for dystrophy_
since a principle prediction of this hypothesis is the presence of
such fmlts o : . .

Table IX compares these “fast" units from dystrophic EDL,
with) the remaining unit pogulation from the dystrophic EDL and
shows them to be significantly d{ferent, having greater tensions,
faster CT and shorter 4RT as well as contributing-a larger $ of .
the whole muscle tension. This too 1s to be expected in’ a
neuropathy. . - ‘

Neither of these tables present data 'totally eonsisfe‘nt
with a primary myopathy or an acute neuropathy. |
‘ Thus it would appear that the mechanical paraxnerers of

EDL motor units from dystrophic mice when compared to EDL motor
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units from normal mice are consistent with a neurogenic 'etiQngy
for murine muscular dystrophy. It also appears that the effects
of dys;roé‘ny and the superimposed effects of the spontanecus
hindJ.imb- activity serve to convert unit types towards
progressively rror;a oxidative ones which are then being lost in a
T . .

way that would be predic';edz by the neurcgenic hypothesis.,

| While other experiments suggest this may be the case,
anci there‘ is evidence for the involvement of Type II.glycolytic
conversion to Type II oxidative with comcomitént loss, until a
direct met.hod of identifying s;pecific unit filbres is developed
this is only surmize.

Also the suggestion that the "fast"™ units in dystrophic
mouse are Type II glycolytic is also s‘urmize. Still the-re is
evidence in addition to the theoretical considerations dealt with
£o support this.

Comparing the normal CT distribution with that of Lewis
et al (1982) we have seen that the .slowe‘st EDL units correspond to
the fastest soleus units. Knowing the fibre type-distribution of
these muscles (EﬁDL: 1T gly'c'olytic and II oxidative, soleus: II
oxidative and Type I) and assuming that the situation in mouse is
the same .as that in the cat (Burke et al 1973) ié. that glycolytic
units are faster than oxidative units which are faster than Type I

units, it seems reaéonable to assume that the faster units in EDL

- 146 -



are glycolytic.

Another time’ related parameter, mean axonal conduction
velocity, was see significantly faster for normal EDL motor
units than that of dystrophic EDL motor units. The range of‘
conduction velocity reported for normal units (52 to 88 M/sec with
the exception of one unit of 110 M/sec) was faster than that found
by Lewis & Parry in a series of. experiments on’ normal -soleus {32
tb 70 M/sec,_ Parry personal communication). Bowever, in viev& of )

]

the known fibre type composition of EDL compared to soleus this

would be expected.

In dystrophic EDL units, the axonal conduction wvelocity
was significantly less than that of control animals. As well, the
conduction time - was significantly londer. With the known
az-nyelination ot portions ot ,the' sciatic nerve and axons within the
ventral and dorsal roots this observation is of no surprise.
Various workers have ;eported on this amyelination and the
-increased conduction time and reduced conduction velocity
associated y:;'.th it’ (Buizar, Kuno and Miyata 1975, Biscoe et al
1977, Rasminsky et al 1978).

Since Buller, Eccles and Eccles (1960) described the
results of cross-innervation studies and demonstrated that
contractile properties of muscles were controlled by the motor
innervation they received, it has been accepted that specific

F

- 147 -



influences are exerted by the motornmeurone on the muscle fibres it
innervates. This, coupled with Henneman's proposed size principle
(Hennernan et al 1965), has led to various investigations of the

relationships between motorneurone  properties and rnuscle

Ll

parameters. /

Bessou, Emonet-Dénand and Laporte (1963) showed that
fast conducting axons innervated large motor units with short
contraction times whereas slowly conducting motor axons innervate
weaker rrbtor units having longer cpntraction times. If the
motorneurone 1S responsible for establishing such a relatic—mship
then one wou'ld expect this to be universal. However, this does
not appear to be the case.

| In their ploneering work Bmonet-Dé€nand and oo-workers
(Bessou,  Emonet-Dénand Laporte 1965, Apelberg and
Er:onét—Dénand 1967, FEmonet-Dénand, Laporte and Proske i97l)
presented such relationships in cat lumbrical muscles ard
correlated unit CT and Iunit Po with the poﬁduction velocities of
their linnervating. axons. However, the existence of such
relationships in the lafger cat hindiimb muscles rem.ins
controversial.

McPhedran et "al (1965) wor;king with cat ;neaial
gastrocnenmius found "an approximately linear relétionshi;; between

axcnal conduction velocity and motor unit tension for units
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oroducing 20 gms or less tension." No such relationship could be
shown for units producing greater than 20 gms. Olson and Swett
(1966)' could demonstrate a lineaf relationship between conduction
velocity and unit Po only for units producing less than 20 gms
tension in cat flexor digitorum longus. Bagust (1974) using cat
soleus (a hcmogenecus Type I muscle) demongtrated a clear linear
relationship between axonal conduction wvelocity and motor unit CT
4and Po for this muscle. This work suggests that for Type I units
and units producincj small tensions the size of an individual motor
unit 1s determined b'y its mﬁor innervation as reporteci for cat
lumbricals. |

This work however was .not confirmed by Mosher et al
(1972) studying antenor tibialis (a mixed fast muscle)._ They
.could show no re'.l'_éit_i:onshipS as previously described in either
individual experiments or in their daté as a whole. Bagust et al
{1973) claimed that linear relafionships between a:éon conduction
velocity, unit CT and unit Po did exist for cat FDL at all
tensions. ’I‘h;ey suggested that the relationship was obscured in
the experiments of Olson and Swett's due to their pooling of data
from several muscles. They maintained that by using only
indivigual experiments from which sufficient units have been
isolated, relationships were not masked. Still, in experiments

dealing with large numbers of units per muscle, Gerlach é_t al 1975
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were Cmable to show any relationships betwen axonal conduction
.velocity and CT or Fo in cat plantaris, tlexor hallucis longus and
flexor digitorum brevis. Clearly any such correlations ca'nnot be
the:‘ rule for large cat hindlimb muscles. Similarly these workers
have reported such controversial findings for relationships

N

between time to peak tension and contraction strength and time to
peak tension and the twitch/teta-nus ratio.

-In only one reporﬁl have these relationships been
‘examined in mice. L;ewis, Parry and Rowlerscon (1982) demnstrate%‘
in C57 soleus motor units a clear relationship between. axonal
éonduction_\.ielocity and _unit CT and a less ocbvicus relationshié
between unit tetanic tension and reciprocal conduction time.
Despite these no relationship between unit CT and unit .Po occuld be
shown.

In view of the oontrovers:lal findings for cat hindlimb
muscles and the limited data available for mice, including an
absence of any reports regarding fast hindlimb muscles of mice,
these '.relationships relating ‘a;conal propeties and ruscle
parameters have been examined in- the EDL of both normal and
dystrophic animals. 1In ac;cordance with the progx‘asition that fast
conducting axons innervate large tension producing units which in
turn have fast contraction times tl‘}‘\e relationships between axonal

conduction velocity and rotor unit CT and Po were examined. No



obvious relationships have been 6onsistently seen for either
normal or dystrophic units. -

| Ridge (1967) has shown that afte:rl early post-natal
development conduction times of peripheral motor nerves remain
constant despite increasing length -and therefore increasing
conduction velocity. The conduction time is therefore independent
Of age in mature animals and is characteristic of a particular
nerve. For this reason the parameters ot unit CT an_d Po were
examined against reciprocal conduction time. Here also no linéar

~

relationship could be shown.

Various workers have reported oopesing results nega}rding
the relationship.between unit Po and unit CT (Stephens and Stuart
1975, Bagust, Knott, Lewis, Luck and Westerman 1973). In rotor
units from both normal and dystrophic animals no relationship
could be shown between these parareters.

Bagust and co—workefs (1973, 1974) have shown a direct
relationship between time to peak twitch tex;lsion and the unit
twitch/tetanus ratio. ‘Ihey' proposed that the act.:ive ~state of ;
muscle might be determined by the motor innervation. They
reasoned that, all £hings being equal, fibres with a brief active
si:ate would have a fast twitch and produce an associated smaller

twitch tension compared to their tetanus tension (i.e. -with

decreasing CT a decreasing Pt/Po would be predicted). In ny
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experiments using.normal EDL units no such ;elation&hip could be
shown. Similarly no such relationship existed for dystrophic
" nice. ‘ |

One of the basic problems encountered in these studies,
and a probable explanation for the discrepancies, is that motor
units have been treated without regard to their specific
histochemical makeup. 'With the exception of cat soleus, which is
a homogeneous muscle (Type I), and émli tension pmduc.ing units
in medial gastrocnemius and FDL, no clear relationships devoid of
controversy have been shown for other cat hindlimb rmscles.

Burke et al (1973, 1974) have shown that the teﬁsion
produced by a motor unit depends 'on; the histochemical type of its
fibres.  They noted some gastrocnemius units, histochemically
identified as Type S (Type I), had a greater number of inner\}ated
fibres 'but produced less tension than other gastrocnemius units,
"either Type FF (Type II glycolytic) or Type FR (Type II
oxidative), having a lesser degree of muscle fibre innervation.
In these unit types it is possible to rank them in order of
.descend.ing tension cutput and ascending unit time to pea]-: tension
such that: FF>FRS. Clearly in view of the findings of Burke
and co—workers unit data must be considered with regards to their
specific fibré}types. However, even in light of this, Burke et al

(1973, 1974) could only demonstrate a relationship between rotor
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unit Po and axonal conduction velocity and between motor unit CT
and unit Po in the case of Tvpe S units. No obvious relationships
were seen for Type FF or FR units. |

Proske and v.t?aite (1976) have reconsidered their data in |
;view ‘of this delineation of motor unit types and have' shown a
linear -relationship between unit Fo and axon conduction velocity
-for' Type S5 units. A weak relationship flor Type FR units (lesser
tension  producing units) with no relati;:mship for Type FF ‘units
was reported.

‘Fgom this work it seems probable that relationships
exist for Type $ units'and for units that produce small tensions.

It would appear therefore that earlier wﬁrk in which the
distinction' of unit type was not made coﬁld only by chance
demonstrate relationships of the kind th_af_ have been proposed.

This lack of histochemical definition may well explain the
lack of correlations cbserved in this thesis for the EDL motor
units of both normal and dystrophic mice.

In normal EDL units the differences between Type II
glycolytic and Type II oxidative units would be significant if 't.he_
tendency seen in cats is applicable to mice. One would therefore
expect that a random sample, as used in this thesis, would contain
both unit ty;es and therefore the inability to specifically

identify the unit type would cbscure relationships specific for an
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individual unit type.

L

Smularly in dystrophy, u}lbiased sampling would yield
'um.ts of three possz_ble “types: glycolytic, intemediate and
oxi'dative. A lmear relatlonshlp between nerve and motor: unit

paraneters would not mcessarlly be expected.

"This .analysis brings forward the qext step in this area
of study, tgat‘ of identifying epecific rotor: ‘unit types. 'I‘he;
cen';rehtion;al technique of labelling motor unit fibres has already
been .mentioned, Aglycogeﬁ quletidn (KugelBerg 1968). ’Iﬁe

Eeckmique or. .label.ling with -3g - dedxyglucose (Rapoport et al

- 1978) has yet to be developed for the rouse. Preliminary glycogen

depletion experment-s by Parry (Dersonal comnumcatlon) on soleus .

motor - units have been)unsuccessful. . If this or a comparable |
tecﬁnique :can be de.veloped‘ followed by. the defining of units
physxologl\c;ally (after Burke et 31 1973) the question of flbre
type susceptlblllty in dystrophy can be d:.rectly examined along
with the aforementlo;ed relatlonshlps between axOnal mnduc';mn
veloc1ty and muscie prog:ertles. | -
Burke et al (1973) examined the mnervatlon ratlos of
cat medial -gastroc_;nen;ius motor :nlts. It appears that when 'IYpe S
units‘fr'em negial. gas',trocr;emius are conpared to Type FF and FR
units _no suppert was obtair'xe_‘d‘ fg;: the premise that large axons

with*fast conduction velocities innervate large numbers of mascle '
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£ibres and produce large tensions. ‘Iype S units had a greatez:
mnervat:.on ratio than 'Iy'oe FR units but produced significantly
less tension and exhibited ‘significantly slower' axonal conduction
velocities. It would therefore seem apparent that motor unit

‘tensmn ca,nnot be accounted for by a smple relatlonshlp between

axon dlameter and um.t innervation ratio. 'Ib expect simple lmear.

relationships betwen axonal propertles ard rascle mraneters with

mixed motor unit data is naive. Several factors apparently must

contribute to the ultlmate determmatlon of size of a motor unit:

only one of which is the degree of axonal “J:ranching and ruscle

-

fibre innervation.

LS

It may be that in Type S units however, axonal branching

is the predominant factor for unit size determination, since clear

relationships between axon .properties and various parameters in
-,

Type I units have been demonstrated. The vague relationships for

'Iype FR units and tbe_ lack of relatlonshlps for 'I‘ype FF units (in

terms of conduction veloc1ty versus unit CT or unit Po-as well as

unit CT versus - unit Po) -xo:ould' suggest other factors dominate the

innervation of these motor units.

-

Work by Gordon et-‘al - (1976) ~has shown that slow

rotormeurones innervate amd activate ‘muscle fipres several days

Barlier than fast motorneurones (in chick embryos). _i\‘his' then

leaves the remaining uninnervated ruscle fibres to be corpeted for

e
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by the later arr:'ivi_ng axéns of motorneurones destined to become
either Tyvpe E‘B or FF. In this way Type S mtorneurdnes are able
tc; establish. a motor unit size directly related to their axon
size. 'Ihié may enable them to exhibit more distinct .re_lationships
between axonal conduction velocity and motor unit time to peak

" tension and unit tetanic tension.

-

¢

" The later arriving "fast™ axons must compete on perhaps
a functional dehmand basis- for the remaining muscle fibres. Since

.these "fast" axons arrive rather simultaneou? (Gordon et al

1976) this same’ competition may exist in a muscEvdevoid of Type S

.units, for example the EDL of the mouse. Oxidative units may have.

an advantage over glycolytic units during developmental

innervation (suggested by the linear relationships seen in Tyvpe S

units and the partial relationships seen in Type FR units). The -

latter observations regarding Type FR units by Proske and Waite

(1976) could be interpreted.this way. v

- This would suggest;. possible ‘relationships rmight arise.in

the dystrophic EDL whose fibre ogmposition, and presumably. unit
type, is shifting towards a more o:éidat;ive state. If motor units
could be identified histochemically in the mouse it would be
interesting to see if this hypotlhesié would hold. | Still, in view
ot ‘the myelinat‘j.on abrormalities — in dystrophic mice any

relationships regarding. conduction velocity . and conduction time

‘.
-

-
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might be expected to be very complex if they exist at all.

‘ The fact that lLewis et al (1982) did ocbserve a .
siénificant relationship "‘_betwen axonal conduction velocity and
unit CT and between reciprocal conduction time and. unit Po with

C57 soleus units might be expected. If lesser tension producing

oxidative units have an advantage over glycolytic, units' during

innervation, a muscle composed of Type I and 'Iy'p.e II oxidative

units (soleus) might be expected to yield such relationships as
seen for cat soleus (a pure Type I muscle).

In addition, due to the differing functional roles of

. muscles 1t does not necessarily follow that Type II oxidative

uru:.ts in soleus are identical with those of a fast Iiuscle ie.
medial gastrocnemius or EDL. Burke et al (1973, 1974) have shown
that the Type S ('I;ype I) units of soleus are significantly
different (greater CT, greater Po, larger estimated specific

tens:.on, smaller lnnervatlon ratio anéd a PID) than Type S units

e

from medial gaetrocnemius (lesser CT, Po, specific tension output,
greater innervation ratio and unit PTP). Muscle fibre length and
orlentatlon and the related nechamcal stresses and demands

mposed on flbres may play a role in detemmmg the ultmate

~characteristics of the motor unit types. It is therefore possible

.that Type II oxidative units in soleus are also significantly -

different from Type II oxidative units of fast muscle. If soleus
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- II oxidative units more closely resemble Type I units -the
.relationships Lewis et al (1982) observed might be expected. In
EDL however, the diversity between II oxidative and II glycolytic
units would Ppreclude any such reiationships existing{. )

It would seem then that the lack of correlation between
the parameters examined in normal‘and dystrophic EDL motor units
ar:é due p'robably to the pooling of unit data within gxperiments‘
without regard to the specific unit type. If unit types are
identified then grouping within experiments and possibly between
animals using functionally like muscles may well expose the
correlations that have bee.n proposed and examined.

Ly Xgain, the necessity to bel able to identify specj.fic _
motor unit types and their associated miscle fibres is of
paramount. importance not only in examining normal units but in
determining how motor units in dystrophic muscle are belng

© altered.”
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SUMMARY
'Ihe mecham.cal prcpertles of motor units of the fast

twitch EDL have been described for both nornal and dystrophzc mice

Al

ot the C57 strain.:

The frequency distribution of um';t twitch tensions was
conpared to theoretical distributions and found to be consistent
with a neurogenic etilology. This was further supported by the
dlstrlbutlon of motor unit tunes to peak tensmn. An estimate- of
the motor unit number based on the average motor- unit 51ze,‘
determined from the unit tetanic tension e>;pressed as a percent of
whole EDL tetanic tEnSion, sugfported a2 neurogenic etlology by ‘
indicating a s:.gmflcant loss f:f motor units w1th dystmpby (2"
units for normal EDL ver.:sus 15 for dystrophic EDL). A
subpopulation of units from dfstrophic EDL were shown to be.
identical to_'units of normal mice, as would be predicted in a
neuropathy. It-'was suggested these umits were Type II glycolytic
units.  Such .a subpopulation is what would be predicted if
muscular é'ystrophy were a neuropathy involving a conversion. of
Type II glycolytic 'units to Type II oxidative ‘units with their
subsequent loss. A hypothesis is adv-ancec‘i which might-; explain how

this situation arises.

An additional fa-ctor to be considered with the "pure"

4

effects of  dystrophy 1is that of the spontanecus hindlimb
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activity. It has been proposed that this may wontribute to be
responsible for the conversion of fibre types. This is consistent

with the hypothesis advanced to explain the data of this .thesis
and other works.

“

Various rela;ionships involving motor axon conduction

4

velocity and conduction time with unit time to peak tension and

unit tetanic tension were. examined. Interrelationships of motor

. unit parameters f.‘I‘, FPo and Pt/Fo were also studied. Mo ‘simplé

r 1 4
relationships were observed. ‘These findings are discussed in

comparison with the literature and a possible explanation for a

. lack of correlation was made.

In conclusion the result;s' described are consistent with
a ne.ui'ogenic etiology in rurine muscular dystrophy. The methods
utilized here for motor unit isolation are dJdevoid of the
criticisms previousiy cited for othef mbtof unit estimates in both
man and mouse and t:here“foge represent an important contribution
towards our understanding of mirine muscular dystrophy as well as
providing significant intrinsic physioiogical data with regards to
the properties of motor units from both normal and dystrophic'fast

miscle (EDL). ] v
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APPENDIX 1
Hindlimb Spontaneous Activity
While conductmg preliminary experiments on dystrophlc
mice I spent some time studying the phenomenon of spontaneous
activity seen {.n the hindlimb. While 'c,he results of these

experiments do not directly bear updn this thesis work it has been

'shown that this phenomenon mzy be mpor:tant in assessmg the
.ettects -ot dystrophy on muscle fibres. For this reason a brief

.swmnaq_r has been included as an appendix.

Dystroéhic mice exhibit a. continucus s:pontaneous
twitching of their hindlimb musculature. 'I"m.s adds a degree of
conplexlty to studymg muscle and motor units in dystrophlcs not
present in normal mice. This phenomenon may also play a part in
moditying the propertied of ruscle in .addiﬁion to the effects o'f
dvstrophy per se. ‘

Because of the amyelinated spinal rootlets (Bradley ana
Jenkison 1973, Bray, Rasminsky -and Aguayo 1974, Stirling 1973a)

single stimuli to a muscle nerve will elicit cross-talk and

- amplification within the spinal roots (Huizar et'al 1975, Biscoe "

et al 1977, Rasminsky 1977, 1978) resulting in multiple twitches

‘and/or a partial tetanic-like' dlscharge of the muscle (personal

. ooservatlon) .

A

Douglas (1975) claimed that both precaine
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anesthetisation of sensory rodts or dorsal rhizbi:crpy at leﬁ:e,ls L4,

»

L5 and L6 (which contain the afferent fibres of murine g.ciatic

nerves) abolished this- spontan\eous activity, . suggesting -an

' g -

afferent component.  was involved.. In addition, _it“'. was also
reported that the dynamic and static respenses of rtu-.scl'e spinales_
vlaére abnormal - thereby implicating again afferent- input as
.instrumental in this spastic twitching.

| Since forearm nuscles of dystrophic mice are clle.arly
dystrophic histochemica-lly (Dr. D.J. ;Par:y.'p'ersonal communicationi
and it 1s known that the £orearm ‘cervical roots are. also
amyelinated (Bradley and Jenkison 1975, Okada et al 1976) it seems
reasonable to expect spontaneous foreaﬁm activity analagous to the
activity so obvious in the hindlimb musculature. ' I have clearly
shown (unpublished} no such spontaneous EMG forearm activity (via
intramiscular recordings4 with both mono and bipolar
.needle electrodes). (However, this is not necessarily conclusive
since the amyelinated regions; m these roots are éxﬁremely small
and therefore there exists less chance for ephaptic transmission )
to occur. ) One might suspect the sc;urce or trigger for this
spbntaneous activity-to reside not within the ,amyelinated ‘yagion
of the spinal roots (these acting only as amplifiers) but to be
associated with the afferent side ot the reflex arc.

An attempt was made to corroberate Douglas' findings.
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Animals were set up ‘as  described  in Chapter  VIII.'
Eiectrorryographic activ%ty was fecorded from hindlimb muscles .
before and after -dorsal rhizotomy. If abﬁérmal afferent input
were the trigger for this spontaneous. activit;y then dorsal
rhizotomy should. abolish it. If not then by .sequentially
trénsecting the dorsal root as it e_n-tﬁered the spinal canal, then
as it entered the spinal cord followed by transection of the
ventral root leaving the spinél cord then just prior to leaving
‘the'- spinal canal the ectopic generating sites would be
sequentially removed. In this way -One could elucidate the trigger
or site oOf ‘generation of action potentials responsible for this
spontaneous ;twitching.

By far the majority of es showed .o alteration in

activity patterns after periphe orsal root section. In almost

all the cases in which "fhe spontanecus firing was lost mno
successtul reflex loop /could subsequently be initiated by
‘stimulation of the central end of the dorsal root stur:pé. It‘ was

concluded that Douglas' results might be explained in terms of
ventral root injury. .

" Rasminsky's _@m (1976, 1977, 1978) has elegantly
demonstrated the amyelir;ated regions‘ to be a source of spontaneous
generation of action potentials. The general impressicn from my
work was that though spindle outéut may.be abnormal (and this has
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not been confirmed or further examined) this serves only as an
additional source of stimulus for spinal root cross-talk and
amplification, while the primary site of stimulus generation is
ectoplc action potentials in the amyelinated region of the spinal

roots {(as Rasminsky suggests).
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APPENDIX 2 -

Temperature Feedback Circuitry

The teperature for both the heating blanket and the leg

pool were maintained- at 36.5 + 0.5° C. Thermistor probes and

heating coils were linked through a feedback circuit as shown.
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Transducer Amplifier Circuitry

APPENDIX 3

The transducer amplifier circuitry is shown. This unit

enabled both transducer function as well as’ cali

output.
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