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(i)

STATEMENT OF THE.PROBLEM

The purpose 01; this study is t_g exam:ine.soﬁe gf—the. =
progerties of reinnervated con%ro] (C57BL/6J) and d}s@rophic
(C57BL/6J dy2j/dy2j} mouse soleus (SOL) muéc]e witﬁ respect to’
its nervous supply and muscle fiber type distribution.

Information gained from contro]IanimaIs‘éould be usefui in
broadeniﬁg our scope qf"fhe norma]'phjéid]ogica]'erﬁts occuqriﬁq'
.during reinnervation. \Then, by comparihg reinnervation in .
dystrophic animals to controls, it may be‘gdssib]e to providg
‘more insight into the etiology of murine dystrop@y.”

Three questions are‘being posed: - '
1) Do all motorneurons reinnervate the SOL.qu1owing nerve
transection? '

-

To answer this the motorneurgns will be counted in two

-l
e

stained motorneurons after labelling the §0L,motornuc1eus
~retrogradely with horseradish peroxidasga(ﬁRP). .Also, motor unit
numbers will be estimated via the ventral rootgsplittiné
fechniqué.‘ .

.2) ‘Do all denervatea muscle fibers become reinnervated?

If all muscle f{bers are innervated, then the tetanic’
tension (Po).obﬁained by stimulsting the mqscle directly. Thus,
the functional innervation ratio (FIR) i.e. the ratib of

"Po{indirect) to Po(direct) should provide an index of the degree
-of innervation of the muscle. This will be determined in

N

¥
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individual animals for both unoperated -and reinnervated SOL.

> . -

3) Is there selective reinnervation?

As the SOL muscle is comprised of two fiber types and thus
motorneuron types, it is conceivable that one may be more adept
at reinnervating than_the other. . _

To answer fhis‘the fiber type distribution wiTi be compared

between reinnervated and Unoperatéd so]eij‘-Aléo the:re]ationshﬂ5

between individual motor unit size'andf%imé £o peaknﬁeﬁsioﬁ (TTP)

PEL Bt
3 e

of the twitch will be examined. .. & =

Refer to Project Overviewy p. 39¥:f§ﬁ*5*MOféjthorough

description of experimental ratignale. e

(O
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(i)
ABSTRACT '

Reinnéfvation of soleus (SOL) musc]é‘was examined in control

and dygtnophic mice.
| In control mice all motorneurons weré successful. in

reinnervating the SOL. Thus the number of motorneurons, or motor
units werg the same'in‘unoperated (u) and reinnervated (r)
muscles {21 uSOL vs 21 rSOL). Most of the muscle fibers yere in
fatt inhervated as tetanic tension elicited by stimulation of the

SOL nerve (indirect) did not differ significantly from that

obtained by stimulating the muscle directly.

§n dystfophic {dys) &nimals not all motorneurons were ‘
successful in re-est@blishing synaptic contact, a]thou;h at ieast
in the young group the motorneurons that did regrow and enter the
muscle were able to capture most of the available territory. -
Hence the reinnervation ratios .(RIR's) obtained on rSOLdys were
comparable to that of rSOLcontrol. In an older dystrophic group

-

reinnervation was variable. The variability however was lost if
|

the analysis was done on the individual sexes comprising the

1

group. 1In tbe.ma]e group reinnervation was complete as no
difference wag noted in the number of motor units between rSOLdys
and uSOLdys (18 i.u(u) vs 16 + 2{r)). Also most muscle fibers
were innervated (RIR = .89 * ,13). In the feha1es, fewer motor -
units were obtained in the reinnervated muscles (17 + ?(u) vs 11

+ 2(r)). As well, the motor neurons that did reinnervate, were

seemingly less "healthy" in terms of captqring'the ava{lablé



: . (iv)
‘territory és illustrated bythe very Tow ya]ues'of RIR (.28 +
'.27). ?urthermore, in male anfmals that were castrated one week

prior to denervation, reinnervation was.impaired in a mfanmer that
"nas quantitatively similar to that seen in the fema1e‘gfoup.

ATfhough all motorneurons did in fact'reqrow and reinnervate
control SOL; it would appear that type I motorneurons were more
successng in terms of expanding their-iqnervat?ng fie1d.‘,Thisl
is borne oﬁt in the following observations: _
a} The fsometric time to péék tension (TTP) of the twitch was
_significantly pro]onged fn rSOL (13.67 tl;52 msec uSOL vs
16.50 + 1.05 msec rSOL).
b) In rSOL there was an increase in the proportion of muscle
cross~sectional area that was occup1ed by type I f1beﬁ;z

.o {.41 + .07 uSOL vs .73 .05 rSOL). .
c) Immunohistochemical evidence using monoclonal antibodies

directed against type II and type I myosih is‘supportive

of f;;g II + type I fiber conversion in rSOL.
d) , In motor unit studies the largest reinnervated uﬁits were
all sTow contrécting while most (13 of 16) of the smallest
units were fést contrac?ing. No such cor?e]ation;qu found
in units isolated from uSOL.
It was not possible te do the same analysis of mﬁtdr unit
properties on dystréphic animals. The main reasbn is as follows.
.Extensive amyelination in the lumbar spinal roots did not allow

for the re11ab1e 1solat1on of single umits. The resultant

ephaptic activation of adjacent un1ts led to count1ng of the same

-
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unit more than once. Hence incremental stimulation of the

- . »
sciatic nerve along with sciatic nerve split were employed. With

-

i - '
these procedures it is not possible to obtain a TTP/unit size

relationship which is crucial in delineating motorneuron

susceptibility vis a vis the results on controls.

Also the co-existence of myosin types in individual fibers

'_makes it difficult to tg]iab1y quantify the relative amounts of

slow myosin.

However, the 1ack of increase in TTP of vounq rSOLdy<
compared to the unoperatpd muscle, along with an apparent lack of

increase in slow myosin in rSOLdys, are sungst1ve of type I

motorneuronal involvement,

To'conc1ude,‘it‘appears that in control aniﬁa{s
reinnérvation is comhlete'with most muscle fibers receiving
innervation. Also, type I hotorﬁeurons afe more adept at
ég;andihg their innervating fields once fhey,have'enteréd the
SOL. |

In dystrophics, success of reinnervation is variable. TIn
older animals a sex difference was noted with the females
reinnervatiné poorly, while in the males reinnervation was
complete. The pbservation that reinnervation was impaired inl

castrated males suggests that’perhabs a gonadal factor may play a

.protective role in the male group.

Nonetheless, in the young dystrophic group the lack of .

increase in TTP of rSOL along with no apparent increaseé in slow
., \ e .

myosin'sﬁggests }hat type 1 mMtorneurons may be affected.



/ © INTRODUCTION

Human Mﬁscular Dystrophy:. Evidence for -neural involvement

. : s
Much of the difficulty encountered in the attempt to resolve
the etiology of human muscular dystrophy stems from the inability

.«
to convincingly demonstrate a cause and effect relationship that

‘can bé irrefutably attr{gated to a primary disturbance in muscle
“or nerve. ’

The ear11est description of dystrophy was by Meryon in 1852,
He:favored a myogenic %tiology based on hislobservations of
"granular degene;ation' of muscle with no evidence of
‘. pathological changes in anterior horn or motor rootgf Soon
thereafter Duchenne (1868) confirmed and extended these
observat1ons 'to 1nc1ude reSponses of muscle to electrical

st1mu1at1o . The,d1sease which now bears his name became the

subject of intense investigation geared to chéraéter%sing it in
lterms of distingUishiné features.

In this regard it is noteworthy that Erb's (1891)7hist016-.

~ gical descr1pt1on of dystrophy was so accurate that it is
unchanged to date. //Fe observed the presence of atrophic and
hypertroph1c musc]e f1bers in ear]y stages, along w1th gentra]
nucleation and the accumulation of fat. No evi&ence for a neural
.- defect was’ found. -
.In 1956 Kugelberg and Welander saw histological chaqges

similar to dystrophy in the muscles of patients afflicted with

spinal muscular atrophy, a disease of neural origin; This, along



2.
with qbservationé that chronically denervated musclé‘ih many ways
~is similar to dystrbphﬁc mﬁ§§1e suggested that the ideérof
dystrophy as a pure myopathy may be incorrect. . ‘  _- )
Evidence for this was provided by-McCohaﬁ et a1‘(1974): f
They examined motor units of humén extensor dig%toruﬁ bfevis -
(EDB) muscle and found a reduction in their numbers and sizes jn-:
1 patients spffering from 4 types of dystrophy. Although this ﬁas_
support %or a neural component to hﬁman dystrophy it did not
-‘prpve a causalitv. These patients were already severely
afflicted by the disease. It is thus conceivable that the neural
defect is secondary to.a primary myopathy in which for instanéé-
the muscle fibers that are af%ected_1ose their ability to sustafn
synaptic connectivity.

0Of course, the possibility that the motor nerves are

primarily affected remains.

_ This forms the basis of McComas’ (3?71\ 'Sick Motor Neuron'
Hypothegiq where mofor neuron; are thought to exiét in at least 3
states, healthy; dead, and in an intermediate stage, termed
’sick'; whére normal interactions with hdsc1e cannot cofifinue and

a'a‘staté of functioﬁai denervation ensues; Unfnrtﬁnately though,
this idea'has not met with experimental support, at least in.: |
humans. The main réasdh'for this is that the experiments that
are needed to provide uhequiyoca1.préof on this hatter are beyond .
ethical means. o | |

This is why it has become necessary to séafch for animal

LA
-
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models whose phenotypic expression best approximates that which
is seen_in the human disorders. ;,///” |

v

Animals Models

There are many reports of heréditary I'd_ys'cr'oph:.r-l'l1'ke'_
myopathies in‘animals. I will fevieQ the most comTcn ones.

The earliest published account of genetic dystrophy in
non-hbimans was {n 1955 when Michelson et a1,reborfed a mutation
{designated dy/dy) in a heJ 129 inbred strain of mice.

The onset of clinical manifestations was rapid (2-3 wks. .
after biréh) as was the progression of the disease;'1eading
ultimately to death by 4:6 months of éqe.ﬂ .l ) >

A1l examined skeletal.musculature w&s affected tb some .,
degreei Crosstection§ of musc1es stained by hématoky]in and
eosin (HA&E) showed a prhfile that was similar fo'Duchenne .
dystrophy with the exheptiqq of fat‘deposition. There were
hypertropﬁied as weil as atrophied'fibers. Also, there was
evidence of fiber splitting. Nuclei wefe Eéntral1y located and
the}é was an apparent increase in their numbers. There was a1;b
an inérease in the amou@t of connective tiséue. -

As no abnormalities were'sggn in peripheral neFQe, it was -
concluded that this disorder was purely myopathiﬁ. This hbwever
hasarecently been cha]]énged. BradTe} and,Jenkisdn (1974) found
large areas of amyelination in the lumbosacral spinal roots of |

thése animaIg. Also, reductions iq both orthograde (Bradley and
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Jaros 1973, Jablecki and Brimiijoin 1974, Primiﬁoin'and Schreiber
1982) and retrograde (Rutherford and Boegman 19821 axonal flow

has been documented in peripheral nerves of e m1ce Thus,

the possibility that the dystrophy result ,from a trophic

deficiency becomes tenable.
Indeed the observat1ons of ,unct1ona1 &3hervat1nn (McComas
& Mrozek 1967, Law et al. 1976, Parry 1977) and impairment +H

reinnervation (Parry & Melenchuk 1981) of skeletal muscle in

“dystrophic mice may be consequential-to a trophic deficiency.

For the moment though it will suffice to say that_évidence

exists fh(_both a neural and muscular defect. Ldter on, in the

- 'Statement of the Problem' sécfion, I wj11 outline my thesis

- .

‘topic which addresses the etid]dgy of_murine dystrophy.

As far as the applicability of this model to'humén dvstrophy

is concerned the fact thdt'amyélihaﬁion is not'a feature of the |

disease in humans warrants caut1on when pxtrapo1at1nq data
obtained w1th this model, to the human 51tuatwpﬂ’”

A1so, bécause of_tﬁe short 1ife span and infgrt11ity of
these animals this model is a somewhat®cumbersome one’ to work
with. In order to greed aniﬁa]s it is necegsafv:tn carry out

ovarian transp1ants from affected animals to contro] counterparts

-'thereby 1ncrea51ng the comp1ex1ty of ma1nta1n1nq a vwab1e colony

of experimental animals.

This problem was alleviated in 1970, when Meier and Southard

described a myopathy in a mutant strain nf Re mice resemb1inq
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the d})dy.dystrophy, but unlike it in its rate of progregsion.
Additioﬁal]y these animéls were longer lived (up to 13 years)‘
and fertile, so that maiﬁfenance of é viable colony presented no
major problems.
| As the mutation in this myopathy was localised to the dy
locus, it was designated dy2;. This allele was transfered to the
control C57BL/6J background, thus producing the CS7BL/6.
dy2j/dy?j dystrophic mouse. '

The myopathy is almost identical to that of the dy/dy °
strain. The main difference Ties inliis'rate of progression.
Clinical signs are aﬁparent at 3-4 weéks of age and as in the dy
strain include toe curling and exfending when held suspended by
the tail, aﬁd dragging of.hind1imbs following pressure
application to the hips. The histological profile is identicé1
to that.of th’e' dy varijety and the previously me;tioned lack of
mye]inatidﬁ in segménts of spinal root is also seen.

. Later on §n the Introduction I will be discussing more of
this and the dy model and theif contribution to our underétanding
of the etiology of dystrophy. |

There are two other varieties of dystrophy that deserve

"note. . These are that of the chicken and hamster.
Chicken dystrophy was first reported in 1956 by Asmundson
and Julian. It was found to be auto§9ma11y recessive.‘ Birds
afflicted with the disease are easily distinguished by their

N :
smaller size, and weakness. [Parly on in their 1ife they are
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unable to elevate Eheir wings above a horizonfa] plane, Later on
_the limb musculature is affected leading to'an impairment in

their gait. . - ‘

. Affected muscles show var{ab1g fiber size, alona with
progressive infiltration by fat. Centronucleation is also seen’,
hdwever it is not likely an expression ot the dystfophy per se

) for this happens to be a feature of normal chicken skeletal
muscle. |

As in the mobse myopathy this diseése is progressive with
some muscles being affected more than otherﬁ. Unlike-fhe mnuse;-
model, these animals usually live a normal lifespan.

Hamster dystrophy was first described by Homburqgr et al in
1962. They discovered an affected group of animals in their
inbred 1ine, BIO 1.50 Whitney, and went on to show that the
disorder .was genetic {n'origin.. -

First signs of symptoms we;e not apparen?_ti\1 60-200 days
following bitth. Their‘1ife.span was about 1/3 of normal or
‘roughly 220 days. _ - 5

J.H The histopathological profile of affected muscle wa§ similar
to that of dystrgphic mouse, but never progressed to the extent
seen in the mouse. The reason for_}hfs_is that a]ong'with,
skeletal muscle, cafdiacgmusc]e is also affected. The animals
usually succumb to congestive heart failure, and they do so at a
time when the disease has not had a chance to progress to the

advanced .stages as seen in the mouse. For this reason it ig not

»
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the best model of dystrophy to studv. However, it has gained
popularity as a model for congestive heart failure (Bajusz 1969).

- Having in;roduced the more common examples of animal
dystrophies, I would 1ike to assess the relative roles of nerve
and muscle involvement in their expression.

Eefore doing so, it.would be instructive to review the
Titerature pertinent to normal interactiogs‘betweén nerve &'

muscle. Let us start by examining the most fundamental component

of muscie, the motor unit.

The Motor Unit
(i) Formation of a motor unit \

We knqw that a motor unit is comprised of an alpha
motorneurop plus all the muscle fibers that it inne;vates
(Sherring;on 1925). Usually each muscle fiber receives
innervation frog;a single pr;nch of the alpha motorneuron. The
notable exception to this rule is in the case of vertebrate tonic
muscles where multiple innervation is common (Hess 1970), and in
nednafal mammalian muscles.

A The first demod?tration 5f multiple innervation in magmals
was by Redfern (1970). He used a rat diaphragm preparation that
was bathed in Ringers solution with curare at a dosage that ‘
prevented contraction but allowed one to record.subthreshold end
plate potentials (EPP's). ’By stjmulating the phfenic nerve at
increasing voltages, and recordinglfhe EPP - intracellularly he ‘

»
found that at birth each muscle fiber was innervated by at most 4

-
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terminals. By 21 weeks only one terminal was found per muscle
fiber. Later on Bagust, Lewis and Westerman (1973) showed this.
in a more convincing fashion. They isolated ventral rootlets
supplying axons to soleus (SOL) and flexor digitorum longus (FDL)
muscles, and stimulated each separately. The sum of the tensfnns
recorded exceeded that obtained by stimulation of the'who1e‘root.
This phenoﬁénon disappeared by aboﬁt 3 weeks post-nataliy.

The disappearance of polyneuronal innervation has been.
studied extensively and the general consensus s that increased
neuronal activity is directly related to the loss. Basically,
two experimental approaches héve_been used to investigate this.

In the first, neural aFtiQity was increased by artificial

stimulation (0'Brien, Ostberg and Vrbova 1978), or removal of

synergists (Zelena, Vyskocil and Jirmanova 1979). The result in

both cases was an increase in the rate of elimination of
polyneuronal innervation. In contrast, tenotomy (Benoit and

Changeaux 1975; Riley 1978), cordotomy alone (Mivata and Yoshioka

1980), or with deafferentation (Zelena et al 1979) along with

nerve pardalysis induced by chronic TTX appTiqaiion (Thompéon et

al. 1979) or blockage of neuromuscular transmissiop {Brown,

~—

.Holland and Hopkins 1981) resu1fed‘in a persistence of

polyneuronal innervation, .
Recently Dangain and Vrbova (1983} have provided further
support for neural activity by examining the disappearance of .

this phénomenon‘in dystrophic mice. Because of the increased

..



9.

feural activity in the hindlimbs of these mice one would expect

the elimination of polyneuronal innervation to proceed at a more

. rapid rate. This indeed was found. Unfortunat®ly though, they

did not measure'EMG_activity in these animals and thus were -

unable to provide any quantitative information on the actual

‘amount of activity the muscle was receiving. It is thus

conceivabie that the dvstrophy per se may precipitate a more
rapid eliminatioh“bf extra syugpses It shou]d be po1nted out

however that because of the very small size of musc]es in

- neonatal m1ce it would be techn1ca11y difficult to quantitate EMG

act1vrtv/9f single myscles. Perhaps a better 1nterna1 control
would be the fore11mb muscles where this spontaneous activity is
not‘present,(Bateson 1982, Parry and DesyPr1s 1983),

" Once po1}neurona1 inneryation_is Tost there is a 1:1
corrgspondence between mLsc]e fiher énd endplate. It is from
this point in"time fhat a motor uqﬁt becomes a true unit in thé
égnse that it undergoes trophic interactions and is electrically

activated by a single aipha motor neuron.

(11) Motor unit properties & fiber types
As the constituent muscle fibers of a unit are randomly
distributed over a large area of'musc1e (Kugelberg et al 1970)
one would expect the functional demands of each to be virtvally
identical. ”ijen common innervation it.is fhen Togical to assume

that each muscle fiber in a given motor unit should have
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identical contractile and metabolic profiles. With the help of
recent histochemical techniques, elucidation of this problem
has been dealt with in a rigorous fashion, and the results are

according to expectatigﬁ%. These experiments will be considered

later on.
‘ Perhaps the éarliest observation of-differences in muscle
was by Ranv{;% (1874) who noticed the differences in color (red -
vs white) and sizes of fibers in various muscles. Later on,
various histochemical ;echn{ques were developed to measure key
enzyme activjties. The basic principle of these procedures masl
that a colored product would be formed at a rate proportional to
the enzyme activity. This product would be trapped on the ;//;
sgetion as it is formed, thus the enzyme activity would B;
.rough1y propdrtiona] to the staining intensity.
Nachmias and Padykula (1958) noted differences in staining
'intensity far succinic dehydrogenase, aﬁ enzyme marker of
oxidati@!‘capacity, betﬁeen indjvidua} muscle fibers. They also
not¥ced that the smaller diameter fibers had a.g;éatef staining
intensity than 1arge ones which were quite pale in fact. |
Later on, by comb1n1ng this stain and others w1th one that
Qou]d presumably indicate differences in the contractile
apparatus, namely myofibrillar ATPaég,.a general classification
arose based on differences in oxidative capacity, mitochondrial
dgnsity4 levels of glycogen, and contractile apparétus (Stein and

Padykula 1962).

]
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I do not wish to review all the classification svstems of .
fiber types, as many exist and their review would only serve to
confuse rather than instruct the reader.

A brief account will suffice to familiarise the reader with

~ the-events leading up to the formation of the c]assification

system that is currently in wide use (refer to Table I).

Stein aqd Padykula (1962) divided muscle fibers into 33, |
groups: A, 8, and C, a%so known as '8, oB, & o (Guth & Samaha ‘
1969), white, intermediate, and red (Gauthier 1971). Each group
was distinguished from the other on the basis of both
ultréétrqétura] and histochemical criteria. -

Type A fibers are the largest in size witﬁ an average
diameter of about 55 um in the rat. They are poorlv vascularised

(Armstrong and Laughlin 1983), and Tow in oxidative capacity as

.assessed by succinic dehydrogenase {SDH) activity and

mitochondrial content. In contrast, tvpe-C fibers are the

smallest fibers with an average diameter of about 40_um'. Theim®

vascular sppply is thé highest as is their oxidative capacity.

The type B fibers are intermediate in a]]vparameters. * Their:

average diameter is about 45 um.

The current popular c}*ssification stems from Dubowitz'

(1960) study. He named fibers typel or II depending on their

oxidative, glycolytic, and contractife profiles. Fibers rich in
oxidative enzymes but Tow in glycolytic ones, and with a pale

myofibrillar ATPase reaction at alkaline pre-incuBation were



D
12,
called typel. The reverse was true for typell fiters,

Brooke & Kaiser (1970) further divided the typell fibers -
into Ila and IIb depen&jng on their relative staining intensity
in the acid m}ofibri1lar ATPa%e pré-incubation.'*ﬁ&pe 1la are ~
pale at .pH 4.5 while ihe [Ib fibers-are intermediate at this pH
and pale at pH 4.3. In alka]jne p%e;incubation.they are both
dark. They alsa\describeq‘ayfourth %{b;rftype, termed Ilc in’
human biopsy samples. It was rafe %h éppearaﬁce and was
distinguished by its.intermediate sfé%niﬁg in acid
pre-incubafioq.

Recently the use of antiboaiéé difected against various

*

hyosiq types has a]]bwed for classification based on specific
'contraéti1e'appératus (Gauthier and Lowey 1977). With this '
method, differences between fetal, neonatal, and adult fibers has
been. noted along'with co-existence-of myosin types in certain
circumstances (Kelly and Rubinstein 1980, Nha]en‘1980, Bi11efér'{
et al. 1981). ; — |

’ 'Ihé ﬁreateﬁt barrier to answering tﬁe question feqardinq/the
homogeneity of f{bers within a single motor unit, has been the |
" inability tb_iséiate singJe-fibers within any given unit.

With the advent of the glycogen dep1etinﬁ techn{que' -
(Kugelberg and Edstrom- 1968) the necessary-foo]'for extracting %
this data, was at hand. The technique relies on the fact that if
"a muscle is'repéafedly subjected to low_freduency fatiquing

sEhedu]es, Yts stores of glycogen will be exhausted, If a single

: . | : S Ty
;o ,I/
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unit is mechanically isolated Sylxentra] root sp{itting and
treated in this manner, the dgpleted fibers will stand out as
pale in a cross-section stainéd for glycogen. Serial sections
can then be stained for myofibrillar ATPase, SDH, phosphorvlase,
and myosins, along with any other metabolic or contractile marker
one wishes. The fibers of the unit can then be identified and
ana1ysed by fiber typing and quantitative microspec;rophotometry.
" I will review some of the key work that has examined the
homogeneity of motor units. .

Burke et a1. (1971) isolated single units by fmpaling motor
neurons with a stimuTating electrode. The histochgmicé]
properties could o?1y be assessed on the last uhit studieq as
only one unit per muscle could be identified by g]acogen
depletion. Three types of units were defined, fasf"fatiguing
(FF), fast fatigue-resistant {FR), and slow (S). The speed
refers to their isqmetkic contraction times. Fatigue

characteristics were obtained by comparihg the tetanic tension

(Po} prior to a fatiguing train of pulses, to that at the end of

the fatiguing protocol. It was found that the FF units produced

the §reatest tetanic-tension (Po) and when analysed
histochemically by the myofibrillar ATPase and SOH ;tain, atl
constituent fibers of the unit were identical. They correspondea
to the typellb fibers of Guth.and Samaha. FR unjts produced less
tension than FF, but more than the S units. HisFochemical]y they

correspond to typella fibers while the slow contracting S units



are the type I's.~ ,
: Nemeth et al. (1981).meésured malate dehydrogenase activity .
(an oxidaeive enzyme marker) in the fibers of motdr units that
were 1dent1f1ed by glycogen depletion and found it to be
identical in a]L the constituent fibers. In contrast, malate
Eehydrogenase activity showed wide variations ‘when medsured in

fibers selected at random from other units, even though their

ATPase sensitivity was the same. : :

.
-

As far as the contract11e character1st1cs of s1nq1e units 15

concerned. it is Tikely that contraction times or velocities of

unloaded shortening are the same in constituent fibers.

Unfortunatelv, the technical difficulties associated with

’

& . e . -
measuring mechanical properties of sing]e fibers in an identified

- motor unit are 1nsurmountable at the moment. Thus, nne can only

make 1nferences from histochemical analysis of 1dent1f1ed motor
un1ts,.and contractile stud1es of h1stoloa1ca11y pure muscles.

On the basis of histochéhica] énaiysis the contracti1e apparatue
has been shown to be-the same in each fiber of -a unit. Also, a
direct corre]at1on between myos1n type o;‘hyof1br111ar ATPase and
isotohic speed of shortening has been foundf(?_arany 1,967, 'C1ose
1972). Lewis, Parry and Rowlerson (1982) showed in the mouse
soleus that fibers elqssified as type [ by myefibrilla} ATPase
staining reacted with anfi-s]ow antibodies, wh{ie the 1fa fibers

reacted with anti-fast antibodies.. More recently the use_of

monocfhna] antibodies, Schiaffino {unpublished) has allowed for .
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the raising of very specific antibodies with no cross-reactivity.
Thus, the_co;existence of myosin fypes'in single fibers can be.
deﬁonstrated with ﬁore certainty. Also with this technique, the
existence of neonatal and feta1.f0rms of myosin in certain |

pathological conditions of muscle has been documented.

" Nerve-Muscle Trophic Interactions -

Qne of the ways of studying the interactions between motor
nerve and skeletal muscle is to dissect one from:the other and
observe the changes in properties of both muscle and nerve. A
way toldo this is by denerviting the muscle and then measuring
contractile, biochemical, and morphological properties. [ will
spend some time on th{s facet, but first T would like to discuss
some of the evidence for early nerve-muscle interactions.

The earliest interaction between nerve and muscle ultimately
leads to.the formation of a functional'synapse.

Using morphological data Couteaux {1963) suggested that the
motor neuron EQEF?S an influence on the huSc1é. This influence
would probably be manifest as a manipulative one that led to thé
expression on the surface of the muscle, fhe pbstsynap;ic
recéptive elements that keep the synapse in regiﬁ&er. Alterna-

tively, the muscle may influence nerve terminal differentiation

and organisation (Peper et al. 1974). Unfortunately the

causality is impossible to resolve solely on the basis of

'-morpho1ogica1 data as both alternatives are equally plausible.

The yse Of tissue culture tecﬁniques has not solved the
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problem, but has certainly gone a step further by proviﬂing us -

with more tangible information concerning nerve-muscle
interactions.
For instance, in 1904 Harrison was the first to rule out the

involvement of neuromuscular transmission (NMT) in synapse

formation. He raised frog larvae in-a medium that contaﬁqu an - -
: . :

t

anesthetic to paéa1yse the nervous system. When they were fully
&u
developed tadpoles he transferred them to a medium with no

anesthetic. Following a short period of time, presumably

~ reflecting washout of anesthetic, the tadpolesvwere able to swim.

More Jecently Crain and Peterson (1971) and Cohen (1973},

- using amphibian muscle showed normal synaptogenesis-in a sy%teqk

where eifher postsyn%ptic acety]chojjne'(ACh) receﬁtors'were
blocked, or release of transmifterlinhibited.
| If ACh receptors and transmitter release are not necessary
fér normal synapse formatinn, thenhat least three alternate
possibilities exist.
1) A nerve trophic factor whose release is impulse
}ndependent. |
2) A muscle trophic factor that somehow guidesvthe nérve to
the postsynaptic site. . _
~ 3) A postsynaptic membrane component that attracts ingrowing
ngurons;l

As far as the first possibility is concerned, up until now,

there has not been any conclusive evidence of a non-impulse

%
]

<«
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re]ated neural trophic factor whose function is to quide the

neuron to its target. Even if such a mechanism existed it wou]d

be a rather awkward one since tpe‘heura1 factor would first have

to notify the muscle that it was in its vicinity, and only then

could the muscle release its 'homeing factor' to guide the

neuron. [t seems more sensible for the muscle to be sending out

& homeing factor prior to being innervated.” Once functional

connections had formed, down-regulation of the expression of this

factor would ensue. - - '
Tnis is not a farfetched idea as Rrown et al (1981) have

shown that partial denervation of mouse skeletal muscle leads to

. ’

pre-terminal sprouting of remaining intact motor axons.
Presumably the denervdted fibers are sending out a signal. To

this end S]ack and Pockett (1982) have Tocalised neurotrophic

activity to the endplate region d4fdenervatEd muscle fibers. The

longevity of dissociated motor neurons obtained from the Tumbo-
sacral region of mice was greatly enhanced in the presence of
this extract. If this factor is indeed the trophic factor that
causes pre-tergfna] sprouting, then its absence in innervated
fibers supporte the concept of a muscle homeing factor that is
down regul;ted'by innervation.
If tEis is true, then pre-terminal sprouting may be the

recapitulation of an early developmental process that has been
released {from tonic inhibition. .

As f%r as the third possibility is concerned there is

l n

et
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”“ evjdehce to suggest that fhé basal iamina of muscle fibers plays ‘
a.role in thg orientation of ingrowing neurons,fkeynes et al.
984). It is also of note that in a musc1%:£‘;;?is;deprivgd of
its inneryation'and then allowed to reinner;éte, new synaptic .ﬁ&:“p
_junctions will preferentially form on pre-existing post synaptic
sites (Guth and Brown 1965, Petot;Dechavassine 1971, Jirmanova
and Thesleff 1972, Gorio et al. 1983).
Thus, the bulk of evidence to date suggests that certain
propertie?'inherent in the ﬁuscae'p1ay a key role in attracting
;nd sustaining synéptic connectivity.
Lg} us now turn our dttgntion to the properties'of_‘
denerva%ed skeletal muscle. Early chgnges\in membrane properties
have been reported'(Rédfern and Thesheff 1971, Albuquergue et al.
1971, Thesleff 1974, Thesleff and Ward\975), and”include a
decrease in resting membrane potential, the appeat?nce of TTX
resistant action pctentﬁa]s, along with the appearancé of
fibriilation poteptia]s. This early membrane depg1arizationﬁis
§f jnterest since it occurs before any cﬁange in mini;ture end
plate potential frequency, is dependent on the length of
sectioned nerve, and is not abp]ished by the app]icétidn of drugs
"that.dnterfere with axopTasm{c flow (A]bﬁquerqué et al, 1972}. -~
ﬁecent]y. Bray, Forrest and ﬂybbafd (1987) have provided evidence
that the nprma1 membrane poténtia] of muscle is mafntained'by- 3

non-quanta1.ACh release, through a cat? dependent mechanism.

This finding may explain the early phenomenon of membrane

.
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deﬁo]arisation following dénervation, and would implicate ACh as
the trophic agent.. | | e

In terms of structural changes, the most obvious is muscle
atrophy. In the long run, up to 80% of initial weight can be
.Jost. .The decrease in muscle size is attributable to.a decnegse
in the diameter of consf}tuent fibers (Gutmann 1962). In
denervated diaphragm a transient hypertrophy is seen due to
stretch (Jirmanova and Zelena 1970). Eventually most of the
muscle fiber bulk will be replacedeby fat ana connective tissue.
In terms of fiber type susceptibiTity, type IIb fiﬁers atrophy to
the greateﬁt degree (Engel 1962). Recently Davis and Kiernan -
(1981) showed that peripheral nerve extract significantly
attenuated the atrophy of IIb fibers‘in denerVated rat extensor -
digitorum longus (EDL) muscle. This findtnghj?pports the ro1ezof
~ a neuronal trophic factor in méinta%niﬁg the balance of anabolic
and catabolic processes of skeletal muscle. |
One of the earlﬁ"changes following denervation %s'an
) }ncrease in the number of satellite qel]s (Ontel1 1974). As they
. are®involved iﬁ muscle regenefation,mthis may represent a re1eas;
of their tonic inhibition. ,
In the later stages of denervation atrophy, nuclei become

clumped and centrally located, and there is a Joss of
mitochondria and sarcoplasmic reticulum (SR). The loss of

mitochondria and SR is also borne out in the histochemical and

contractile characteristics of these muscles. Loss of enzymatic
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profile ig-seen for SDH, phosphorylase, and lactate dehvdrogenase
(Nachmi;s and Padykula 1958, Romanul and Hogan 1965), while a
sTowing of twitch temporal characteristics and an.increase in the
twitch/tetanus ratio is also seen (Lewis 1977). The s]bwing is
more pfonounced'in muscles that are typica]]y‘fast and "is more
marked in the re]axatioﬁ_phase of the twitch. o

Sreter (1970) showed that the initial rate of Ca™ uptake
was decreased in SR vesicles isolated from &eﬁervated'fast and
sTow twitch muscle. If the in vitro situation is”an accurate
reflection of the properties of SR in vivo, then this observation
would -explain the prolongation of twitch témporal characteri§—.
tics. . ‘

.A§ﬂdener0atibn involves withdraw] of both activity and"
neurohumoral trophic:iﬁfluences; it is difficult if not
impossible to aSseég the relative contribution of each to the
changes seen. To answer this problem irvestigators have rep]aéed
one of the components . at the expense pf the'other and observed
the chéhgeériﬁ muscle properties.

' The crudest method of eliminating.activity to a muscle is to
immobilise it by casting in a shortened position. Not all
activity is ébolishgd however by this proceddre and thus it
becomes necessary to also perform a dorsal rhizotomy and s;inal
éection. |

Gallego et al. (19f9) showed that metébo]ic changes in

muscle resulting from. inactivity could requlate a property of
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motor neurons. It is known that motor neurons that innérvate a
slow muscle have é characteristic action potential whose duration
of'afterhyperpo1ari§atigp (AHP} is much longer than that of a
motor neuron supplying a fast muscle. They immobilised the SOL
~of adult cats in shortened and lengthened positions and also
performed a dorsal rhizotomy and thoracic section. Two wéeks
Tater they é;amined the muéc]es and the properties of motor
neurons supplying the SOL. In the animals wherg the SOL was
immqbi]ised in a shortened position there was mArked atrophy of
Ehe muscle and a decrease in the duration of AHP recorded in
ven;ra] horn cells. In contrast, Qhen immobilised in the
Tenéthened position, no change in weight of SOL was seen. Also
the duration of AHP was not changed. Their results of muscle
_atrophy in a shortened positioh are jn agreement with those of
Goldspink (IQZ?ma,b), and suggest a role of passive strefch in
the ‘regulation of growth processes of muscles. Thissz borne out
further on studies of stretched denervated muscTes‘aﬁdrru]es out-
the nerve in the regulation of these processes. The change in
duration of AHP is interesting in that it may represent a muscle-
directed trophic influence-whose purpose may be to sét the
maxiﬁqm frequency of éctivation of the contréctile appératus.
It was mentioned that immobilisation in a shortened position
results in muscle atrophy. In prolonged immobilisation a

preferential atrophy of t}pe 1 and IIa fibers has been noted

(Karpati and Engel 1968). This observation supports the idea

—— !
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that type IIb fibers may be more dependent on non-impulse related

trophic factors than type I or ITa. The previously mentioned '
effect of nerve extgact on type IIb fiber atrophy is consistent
with this view. - : -

Contrary to the slpwing that is seen in-denervated muscle,

'Hmmobilised muscle has faster twitch temporal characteristics

/
(Mann and Salafsky 1970). The speeding up is not due to fiber

type transformatién as there is no change in the histochemical

'brofile'and motor unit distribution of these muscles (Kagpati and

Engel 1968, Burke et al. 1975). It is unljkely that this
property ié ynder the control of trophic substances as thei
speeding upmoccurs despite the fact that innervation is intact.
The idea that the activity pattern tg the-muscle‘may be important.
in the regulation of -this property has received a lot of

attention.. Indeed, denervated fast muscle Ihﬁﬁ'receives'

artifieial stimulation wi]]“g]ow in its contractile

characteristics. The slowing is initially due. to a change in SR

'properties,.f01lowed by changes in myosiﬁ type (Heilhann and

Pette 1979, Salmons and Sreter 1976, Rubinstein et al. 1978).

‘Also, cross transplantation of a nerve supplying a s10w%hu§c1e

with that of a fast one will lead to a speeding up of tﬁe
isométric twitch response of the 'sTow muscle and g;s1ow%qg in the
fast muscle (Buller, Eccles and Eccles 196d).wqhargrétﬁ et al.
(1973) have shown that the SR in a SOL that hés been ‘cross-

innervated by a fast nerve, has cat” sequestering characteristics
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that resemble a fast muscle. és the change in SR properties
occuré in,bbth denervated'énd quiescgnt muscle, it appears that
activié} may be important in determining ifs-exprgss{on. The
myosin change in stimulated denervated muscles is probably a
ref]ectioﬁ df activity Fe]ated metabolic changes in'musc1e‘thatr*
affect the expression of myosin typé. )

From the above it appears that neurona]‘jnffuences in the
form of activi£}-and neurchumoral trophic interaétioﬁs affect the
exbression of contracti1e-and metabolic characteristﬁcs in

3

skeletal muscle.

Muscle Reinnervation
if a'specific.neuron is -able to program a muscle fiber, then
%t is not.unreasonable to assume that if a muscle is denervated
mand then a1]owed'to réinnervate, twd'poSsib]e oytcomes may arise.
-i) Motor neurons recognise previous p]gteé anq thus
rgiﬁnervate at previous loci, res??%an in no discernible
.change in histochemical profile.
’Zl-Reﬁﬁnervation-iﬁ random and motor neurons re—spetify
o muscle characteristics. - . '

Tpe,first possibility can be ruled oﬁt 3mmediaf§1y at‘Teast
in mammals, The -fiber type distribution of reinnervated muscle
is'hnTikg that of norpa]ly'innervated muscle. It seems‘tﬂdt
\

ingrowing neurons capture and maintain synaptic association with

'fibgrsAthey encounter en passante because instead of seeing .the

. f
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_checkerboard pattern tﬂat is charactetistic of unit fiber
dispersion in normal muscles, there is tyﬁe grouping of muscle
fibers into clumps (Karpatiland Engel 1968, Kugelberg et al.
1970).. Al%0 if the nerve supply to two muscles that differ
greatIy in their fiber type composition is switched aﬁd
reinnervation ai]owed to proceed there is a conversion of their
physiological and histochemical properties to resemble those of
the mus€le normally receiving that nerve supply. Thus the
important variable in specifying'mﬁscle type seems to be the type
of motor neuron innervating it.
-. =~ Much evidence exists in favor of random reinnervation. This
does not necessitate howevef that new synapse$ should be formed
at new]yfformed end plates. For insyance Gutmann and Young
{1944) showed that in ;einnervated rabbit peroneal mqfcles,
\synapses occurred at the sites of original endplétes. When rat
EDL was cross-innervated'Sy thetaﬁtEtigr tibialis muscle only 16%
" of the fibers had ectopic synaps;s (Bennett and Pettigrew 1976).
‘In contrast, most musc1e'f1bers of'the slow SOL muscle were found
to have ectopic@apses wheni-cross-rinner'vated by a fast foreign
nerve (Frank et al. i975). ~Taxt (1983) cross-innervated the
mouse EDL and Sﬁ;_mdSCIe ﬁith the sural nerve. In the
reinnervated EDL less than ld% of the fibers had ectopic synapses’
while“fnaghe reinnervated SOL -90% of the fibers had ectopjc
éyﬁapses. Since fﬁe SOL js the only hindlimb muscle with a

s@bsfantial proportion of type I fibers (Armstrong and Phelps

S
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1984) the above results supﬁort the notion that endplates o% a
fiber type prefer reinnervating axons of tﬁe same type. This
does not mean that reinnervation will not occur if the match is
not made. In this case, a new synapse will form at-a site awéy
frOm‘fhe original endplate zone. |

Many studies have addressed the properties of motor units in
-reinnervated muscle, e.g. the distribution of motor unit sizes.
:Random'reinnervation implies that motor nerves would capture
muscle fibers on a 'first come, first served' basis. Those
arriving earliest ﬁfu]d‘havg a head start on the'gthers and wou]d
Have more timg,to.reinngrvafe. Thus, the latest arrivals would
be }eft with less territory to reinnervate, and their sizes would

chnsequently be diminished.

Bagust and Lewis (1974) examined the properties of

5 )

reinnervated units in §e1f—reinnervated.ca§ SOL and FDL muscles.
In brief, either the Sbt‘or FDL nerve was secfioned and resutured
(nerQe-nerve resuture). Seven months Tater the mean motor unit
tetanic tension was increased when compared to control. fiso the
range of sizes was broader than in control muscles, é}nce the
average motor unit tetanic tension was farger, one can infer a
decrease in the number of motor units. They did in fact-ment%on
that a number of axons did ﬁot functionaltly cfoss the point of
nerve séction _Gordon and Stein (1982) examined re1nnervat1on of

cat tr1ceps surae group. Although muscle tetanic tens1on

recovered to 80% of contrU{/there was a decrease in the number of
\.r

1
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motor units from 204 in contro1slto 127 in reinnervates. ‘The |
relative motor unit size was increased from 0.49% Po ia controls
to 0,79% Po in reinnervates thu; illustrating the capacity of
survtving motorAneurons to expand thetr territories through
collateral sprouting. |

In another study Lowrie and Vrbova (1984) denervated rat SOL
and EDL by cruahidg the sciatic nerve. Two months later the SOL
had a]dbst fully recovered, as maximum tetanie tension was 80%
of control. The EDL hewever only tecevered to 40% of control and
also had a severely reduced number of muscle fibers, ‘Their
explanation for the discrepancy was that regenerattng fast motor
neurons may not be able to re1nnervate all the ava1dab1e
terr1tory. Support for this is the observat1on that when SOL is
crush denervated as above, there is.a reduction in the number of
motor neurons to SOL fo]]ow1ng re1nnervat1on as demonstrated by
" HRP retrograde 1abe111ng of the cell bod1es A]so "TPase
sta1n1ng shows an almost homogeneous popu1at10n of type T f1bers
in the re1nnervated SOL whereas in the ‘control the profile is
m1xed type 1 and IIa (Bearcroft et al. 1983).

In all the.above studies the method of denervation, be it
nerve crush or;sectibg fe140ded_by nerve-nerve resuture was _
performed at a‘site remote‘trom the point of enttﬁ of the nerve

to the muscle. For this reason the reduction in number of
motor units of reinrnervates warrants some caution in 7

interpretation. For instance; it is possible that type 11

neurons qrow back at a slower rate than type I neurons and
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therefore would have little gr no territory left to reinnervate
once they reacheo.the muocle. This would also explain the above
results. It is of -interest that Parry and Melehchuk (1981) found
that by denervating mouse EDL and reapposing the nerve'on the

’ belly of the muscle, reinnervation was comb1ete by 6 weeks. ®In

L

fact in the younger group of animals, twitch tension was greater
in_the reinnervated muscle than control.

‘To summarise, at least 3 points can be stated with a fair

-r

“amount of certainty regarding reinnervated. muscle.
-1) Ingrowing neurons do not show specificity for muscle
fiber-type, but do prefer previous enop1ates as ‘sites for .«

.

reinnervation, :
; . ¥
2} Constituent fibers of a reinnervated motor unit tend to

be clumped rather than scattered throughout the cross-

section of muscle,
1 - .
3) Re-spécification o*lcontractiTe and metabolic properties

to that of the nerve type oceurs fo11owjng the formation

-

“of-a new functivnal synapse.

+

Murine Dystrophy MyOpathy or Neuropathy’ .

Because of the s1m11ar1ty of mur1ne dystrophy to that of the
‘human Duchenne var1ety, 1t has gained engrmous popu]ar1ty as a )
mode] to study the dystroph1c grocess and hopefully to perm1t
extrapo]at1on to the human s1tuat1on. L

CAs T mentioned in the beg1nn1ng of the Introduct1on most of
«
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thg earlier work pointed to a‘primary myopathy. in human

dystroph} It wés not -until primary neuropathies such as lower

motorneuron disease were descr1bed in which the involvement of

mystle resembled that seen in dystrophy, that the inclusion of. a

n ura] component became tenable,

I will now review some of the work that has been done on the

“mouse model of dystrophy in an effort to pinpoint the abnormality

*in. dyvstrophy.

There are basicq]]y three theories. The first was termed
fhe vascular hypothesis. It was sﬁggested that the-degeneration'
that is seen in dystrophic muscle was conseauent fo an inadequate
blood flow (Kure & Okinaka 193z;2} This theory has failed to be
substantiated however as no im irmeﬁt of blood fidw in
dysfrophic patients has béen observed (Bradley et al. 19%5).
Also, morphémerrical analysis of sﬁa11 bldod vessels is ﬁot~
quantitatively abnormal dn dystrophic subiects (Jerusalem et al.
1974). In the’secOnd theory a priméry disturbance in theimuscle

has been proposed. Thus, any coincident neural abnormality may

either be a secondary manifestation of a primary myopathy or just

‘simply the result of a second genetic defect, unrelated to the’

dys%rophy..'The third possibility is that a primary neural lesion
leads to secondary pathoTog1ca1 changes in ske]eta] musc]e.

There is of course a fourth poss1b111ty 1t may be that the

genet1c locus that contro]s nerve and muscle 15 tightly coup]ed :

thus a mutat1on may be ref1ected in altered ‘function of both
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muscle and nerve. In this cése the initial defect would lie both
in muécle and nerve, and progression of tﬁe disease would be
consequential to altered nervi-musc1e interactions. .

Early attempts to resolve this dilemma focused on‘cross~
transplantation experiments'between phénbtypica]iy normal anima1s
and dystrophic ones. | . |

‘Salafsky's (1971) experiments on the ReJd 129 dy/dy‘mouse S
were‘sypportive of a neural &efecf: He cross-transplanted minced
normal and dystrophic anterijor tibialjs muscles and observed the
extent of regeﬁeration iq the presence of the foreign
environment, He found fhat there was no significaht di%ference‘
in regeneration between dystrophic and control regenerates in the
control environment. Also, dystrophic minces regenerating in
dystrophic hosts did not form functional neuromuscular ‘
connections. It was concluded from these results that the site
of the defect was in the motor nerve..

Hironaka.anq Mi}ata {1975) proyided further evidence to this
end. They cross-transp]ahted whole EDL muscle betweencontrol
and'dystrophic mice. In dysfrophic to controT heterotransplants
and control homotransplants there was no significant difference
in the parameters measured which included, isometric twitch and
tetanic tension normalised to cross-sectionai’area.' The : (.
increases.in fiber diameter and weight were comparable in both .

control and dystrophic muscles. In contrast dystrophic. and

control to dystrophic tross-transp1ants both fared poorly in the

»
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above parameters. Although they conc]udéd thaf'the defect

appears to lie in the nerve, their results of functional

denervation only in the case of dystrophic to dystrophic

reinnervates also points to muscle involvement. S%ggg;ihe
animals used in this study were between 25 and 40 days old it is
certa?nly conceivable thﬁt a secondary mvopathic lesion can
result thus rendering the muscles affected refractdry to
reinnervation,

To get around this p%ob]em Cosmos et al (1973) used sexually
immature mice. They looked at regeneration of minced anterior
tib}ajis muscle from control and dystrophic €nimals. From their
results, the defect appeared to reside in the muscle, as ‘
cyoss~transplantation pf_dystrophic to control and control to °
dystrophic animals did not result in a conversion in muscle
propert1es to resemb]e that of the host.

In an e]eqant experiment Law et al. (1976} joined control
and dystrophic mice in parabiotic union and cross-innervated ;he
SOL of one animal with the tibial nerve of the other. IThds the
ability o: nerve, be'it normal or dystrophic, to affect the
properties of muscle was examined. In a normal or Fystrophic
SOL cross-ihnervatéd by a normal tiSia] nerve there Has a
decrease in time to peak tensiﬁn.(TTP) and half-relaxation (3 RT)
of the twitch and the preseh;e of post-tetanic potentiation, a
phenomenon that is exhibited by ‘fast, but not slow muscle. Also,

dystrophic nerves were capable of .transforming normal muscle in
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"the Sahe:manner as the control tibial nerve. Control nerves were
not able'to reverse the dystrophic features of affected muscle,
and 1ikeﬁi5e dystrophic.nerves did not induce d&strophy in normal
muscle. They concluded that normal neurotrophic interactiens do

not reverse éﬁy éxisting pafﬁo]ogy, and thus the defect is
inherent in the muscle. o .

More evidence to'this end has been provided by the results
of tissue culture experiments using co-cultures of embryonic
'muscle with spinal cord (Hamburgh et al. 1975, Peacock and Wilson

. 1973), but opposite results have also been obtained (Gallup and

" Dubowitz 1973).

Although‘noﬁ conclusive, perhaps the strongest evidence for

an extramuscular etio1ogy'in murine dystrophy comes from the
experiments 0% Peterson (1973). He used chimeras that were
derived from the aggregation of normal and dystrophic pre—imp]anr
tation embryos. The resultant mosaic was.found to have hea]thy"
‘muscles of dystrophic genotype,‘and diseased muscle of normal |
genotype. | |

The con?licting results obtaiﬁed on the same experimental
prepération are illustrative of thé'difficuaty~in:e]uc?dating
this problem, even in a controlled environment such as.an animal
model. . . ‘ _

ﬁegard1ess.of the etiology, there is noiaoubt that both

muscle and nerve are affected in murine dystrophy,

The most obﬁious]y affected of the two is muscle. Reports

r

-
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include observations of membrane aiterations {Ranker 1967,1368\;
morphoiogic abnormalities in Fiber size, with central nucleation,
" fiber splitting, and general atrophy with replacement by
connective tissue (Mighe1son et al, 1955, Peérce and Walton 1962,
Meie; et al. 1965), impaired contractile performance as manifest
‘by a decreased normalised tetanic tension and protongation of

jsometric twitch temporal characteristics (Sgndow and Brust 1958,
Hinterbuckner et al. 1966, Douq]as'and Baskin 1971, Parslow and
Parry 1981), and alterations in oxidative metabolisp (Dribin and
Simpson 1977, Silverman and Atwood 1980, Parry & Desypris 1984),
along with an apparent susceptibi1fty of tﬁpe [ fiberg_in the
. dy2j strain (Butler and Cosmos 1977, Parry and Parslow 1981,
Bressler et al. 1983). ‘ _ ”
| In terms\of neural involvement the previously hentioned

;myé1ination in spinal roots has been extensively documented,
(Bradley and Jenkison 1974, Stirling 1975), but its role in the R
pathogenesis of murine dystrophy is not at all clear. As there-
js very 1ittle amyelination in cervical roots, the faét,that some
~ forelimb musc) &8 of dy2j mice are just as severely affected as
the hindlimb muscles éasts doubt on the contribution of
amyelina;%on to. the pathﬁlogy. Also, amye]jhation Has been
recently demonstrated in the nerves of hon-dystropﬁic CS?BL-05/+
mice (Beuche and Friede 1984), What seems more plausib}e is that
the spontqﬁéous activity resq]ting from ephaptic transmissioq 1n',

these amyelinated areas (Rasminsky 1978), can lead to changes in

- o ‘e
~ : - .
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hindlimb musctle propertiés such as “increased TTP that are
activity.related Eather than a consequence of thé dystrophy ber
se (Parry énd Desypris 1983).

In discussing Hironaka and Miyatas' (1975) EXperiment I

mentioned that dystrophic to dvstrophic cross-transplants

exhibited functiona enervation. From their work, both a defect

in nerve and muscle may be implicated, as previously mentioned.
~ Alternatively a muscle involvement may be_dismissed on the
' " grounds that reinne;cgtion may have been incomp]ete‘due to a
;;owér‘regfowth of the ner&e in conjunction with the larger
barriers to regrowth offered in the form of conmective tissue.
"The existen&e, however, of functional denervation in .
dystrophic muscle that has not beéﬁ manipulated in any way,
raisgs th possibility of dual involvement of muscle and nerve. *
I will elaborate further on this Tater on. 1T would like t@‘now
address‘the evidence for functional deneryatioﬁ‘in dystrophic
mouse muscle.
o Evidence of impaired-NMT in djstrophic muscle that was
judged to be in good condition based on a resting membrane
potential of between -60 and -80 mV (McComas and Mossaﬁv 1965),
prompted McComas and Mrozek (1967) to 1nvest1gate the possibility
that this situation may deter1orate to the extreme. In their
study they stimulated single anterior tibialis and gastrocnemius

muscle fibers of dy/dy mice direl;ly with an intracellular

microelectrode. They then stimulated the sciatic nerve and
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looked for an indirectly evoked act1on potent1a1 Thei} results
showed that on the average, approx1mate1v 27% of the muscle
fibers in the dystrophic animals did not respond to indirect’
stimulation, and were thus deemed fqpctiona]]y denervated.

Law and Atwood {1972) reported similar findings in an’in
vitro study of dy/dy mouse SOL muscle.. In an in vivo study Law *
et al.-(1976) confirmed.the previous in vitro results. ‘They
recorded intramuscularly both at the endplate region of the
fiber, and tendon of the muscle. The rational for this was that
if an abortive non-propagating spike was recorded at the endplate
thefe should be no response at the tendon region. Usina this
Withd they were able to find fibers that were completely
functionally denervated {18%), along with normally innervated
fibers {46%), and ones where the syeaptic connectivity was
presumably failing (36%). |

Harris and Hontgomery (1975) found no evidence of functional
'denervat1on in anter1or tibialis of dy2j mice between 7 and 3
months of age. This is not surpr1s1ng in light of the f1nd1ngs
of Currén and Parry~(1975), who showed that miniature end plate

,gotent1a1 (mepp) frequency was not reduced in dy2j EDL until more
tHﬁh 100 days of age. Thus, functional’ ‘denervation may not be

expected to occur until at least that time. Indeed, Parry (1977)

]

ra

showed that functional denervat1on appears f1rst in the dy2j EDL
irat approximately 10-26 weeks of age. ' He 1nferred functional

.denervation by measuring the functional innervation ratio (FIR)
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which is the ratio of fension elicited by nerve stimuiatipn to
that obtained'%y stimu1at1ngrthe muscle directly. Thus, by 10- ?6
weeks the FIR was significantly reduced from age matched -
controls, and cpnt1nued to fall unt11 it reached a value of
;pprox1metely 0.74. This corresponds to approx1mate1y 26% of the
fibers being denervafed and atthough in a different muscle and
strain of mouse, agrees quite well with the va]ues,of McCBMae and
Mrozek (1967).

The question one may ask now is, does the decrease in
functional innervation occur as a result of motorneuron death and
ineffective collateralisation by the remaining motor neurons, or
do muscle fibers become refractory to'innervatioe and lose their
ability to sustain synaptic connections thus leading to
functionally eenervated fibers,

| If the first possibility is correct, then, if one were to
sample numbers-of motor units a decrease should be found between
controls and ﬂystrophics. On the_other'hand, Tf the muscle
becomes refractory to irnervation, no change in number of motor
units should be seen, although a reduction in the1r absolute size -
would be expected.

Law and Caccia. (1975) found a reduction in both numbers and
absolute sizes of motor units in dy/dy SOL muscle. They used-
-incremeptaT stimu]ation of the sciatic nerre to estimate the °
number of motor units. Unfortunately the validity of‘this

ht@hnique has -been criticised on the following grounds., It is_
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possible that adjacent motor neurons supplying the muscle in
question have nearly identical thresholds for activation. If

this is the case, then the increment in tension or EMG seen by an -

- incremental rise in stimulus strength may represent the

4

activation of more than one motor neuron and thus lead to an

underestimate of the number of motor .units.
hY

" r
Lewis and Parry (1979) estimated the number of motor units.

-

supp]ying'contro1 SOL with the ventral root splitting technique.
Using this technique the prog1ems of co-activation of more than
one axon‘supp1yinq the musclie under investigation are obvfated.
The reason for this is that the criteria for isolation of a
single unit are stringent and include ail or none EMG and twitch
responses along with the all or none antidromic acfionggotentia1.
Interestingly enough their estimate of numbers»of mofor
units in tontroi.SOL was identical to that of Law and Caccia

o’ : h

(1975) suggesting that perhaps in the mouse this technique is
valiq as an estimatok'of the number of motor'unifs.
. The reduction in both numbers and sizes of motor units

observed by Law and Caccia (1975) support both a neural and

_musc]e involvement. They suggested a neurotrophic deficiency,

and the observed decrease in orthograde axonal flow (see Animal .-
Models pg._3) would provide a means whereby this can occur.

In-the d}Zj‘mut;nt Parry ét al. (1982) used horseradish
perox1dase (HRP) retrograde labelling of motor neuron ce1] bodies

to estimate the number of motor units supplying the SOL They

\
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found a reducfion from 25 in controls to 20 in.the dystrophics.
As they did not measure the number of motor units by direct means
' if is difficult to say how many of fhe motor uqits were in fact
funct{onal. .It is conceivable that 'Toosely connected' motor _
neurons that are-incapdble of NMT are able to trénsport HRP,- thus
overéstimating fhe actual numbef of healthy motor neurons.

In another study Bateson and Parry (1983) found no_change in
the number and sizes of motor units of dy2j ZEL, but a reduction
inithe ébsoiﬁte sizes of the units.: Their regults_érefsupporéive
'of a primary muscular ﬁnvo]vement: ' l

| _'Thus, evidence exists for bofh.neﬁra1'andimdscu1ar
:fnﬁolvgment, but at the moment it is not possib1e,to'definitive]y'
.state a céﬁsa1ity. o ;" S . o

'Anothér approach to_an;wer.this question is/;o challenge the
. ‘Pwo cdmponénts concerned, name]y motor nerve and muscle. As this'
- forms the bagishof ﬁ} fhesis.tbpfc, I wiTI now‘pnesent the

problem I_aﬁ addressing.
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PROJECT OVERVIEW

‘The aim of this project is to study reinnervation of
skeletal muscle in control (t57BL/6J) and dystrophic (C57RL/6J
dyZJ/dyZJ) mice. | .

The results obtained on confro1 mice can then be accepted as
reflecting the normal phy?ological respo.ns'e. and any deviations
in the dystrophic animals may ajd in further elucidating the‘
efiology of mu;ine dystrophy. "

As pre;iously mentioned in the Introduction, there is
evidence for both muscle and nerve involvement in dystropﬁ?. Of
pafticﬁ]ar relevance to this broject; %s the'work of Parry and
Melenchuk (1981). They examined the ability of dystrophic nerves

to reinnervate dy2i mouse EDL and SOL f51Towing surgical

-denervation. To quantify extent of reinnervatiﬁn'they measured

"the'fEinnervatibn,ratio (RIR) see Materials and Methods pg. 45).

]

‘They found that in control animals denervated at either young

(4-6 wks.) or older (4-6 mos. ) ages,'refnnérﬁation was complete
by & weeks post«denervatidn.' In the dystrophic animals

reinnervation was é]early impaired in the EDL and SOL of the

. older groups, whi1é only the EDL showed impaired reinnervation at

a young age. They concluded that the observed impairment in
reinnervation was consistent with, but not proof of a neuroqenic,
defect in murine dystrophy.

The alternate possibility is that muscle fibers may become

to reinnervation. As this would
i
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occur randomly, and because the increase in connective tissue
) barriers couﬁd'act to impede the regrowth of nerves, a decrease
in RI& would also be anticipated. ’

To differentiate between "the two possiﬁi]ities it would be -
necessary to know if all the motor neurons did in fact regrow and
reinnervate target tissue. C]earT}t'this would firét have to he
ascertained in control animals in order to establish the norm.
This will be done in 2 ways.

~ The firgt method derives from the factlthat neurons are
capable of transporting horseradish péroxidase {HRP)
‘retrograde1y. Thus, by injecting the -muscle under investigation '
with HRP.énd a11owin§ sufficient time for the label to reach the
cell bodies of the\motor.neuroné supplying %h;t muscle, one can
obtain an estimate of the totél_number of motor neurons supplying
the musclg. However it is tonceivabIE‘that if a motor neuron is >
not functional]y‘1inkéd to myscle fipérs {i.e. 'sick' see McComas
et al, 1971, 1974) if may nonetheleségbe still capab]eﬁbf
transporting HRP, thué']eédihg fo an‘erroneous estimaté of the
number of functional motor neurons. 'For'this reason an a]terﬁatg
method that yields functi;na1 motor neurons is also requined;-'

This,leads,€0“the second mefhod i.e.: ventral root
splitting. Using this technique, the number of functional «_
motorneurons, or motor units, can be obtained. A full
deécriptjon of this method along with the HRP protoﬁo] is found

G

“in the Materials & Methods section.
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There . is evidence of type I flber mvo]vempnt in murine.
dystrophy (see Introduction pg. 32). It would thus be of '
considerable value to know something aboht.the nérﬁa1
reinnérvating capabilities of type I vs type.!I motorneurons,
since specific fibé?_invoTvement may simply fef]ect_primary
motorneuronal impairment. . '

The fiber tjpe aistribution wi{i be compared in unoperated
and reinnervated control muSc]ssutbfsee if anv evidence for
preferential reinnervation exist;. ';}ber typgs Qi1]3be
determined by conventional myofibrillar ATPase stainina, along
with immunohistochemical staining with monoclonal antibodies A
directed against- the heavy chain 6f the various mydsin typgé.
Also the size distribution of reinnervates vs undperatod ﬁotor >
units in contro] animals cam also be of use in assess1nq |
_preferential reinnervation. - .

To conduct this study 1 have chosen the soleus (SOL) muscle
as-fhe muscle under jnvestigétion[ In 1ight of the fact: that
dy?i EDL wa§ shown to be‘ﬁore affected in.terms of fupctiona]

denervat1on (Parry 1977}, and inability to reinnervate (Parry and
'Melenchuk 1981) than SOL, my choice of this muscle deserves some
justification. | _

lThe two main reasons fbr choosing the SOL were as fo]]nws;

1) As T will be comparing aﬁatomica] motor‘neuron counts

(HRP) to phy51olog1ca1 motor unit estimates {ventral root :

splitting) the following problem emerges when using EDL.
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Qne of the procedJ;es in HRP reiéograde labelling is a
complete denervation of all hindlimb, muscles exéept the EDL.
This involves severing a branch of the tibial nerve that
supplies the anterior tibialis muscle which also happens to
be in close proximity to the EDL. The cut end of the nerve
can then pick up HRP that has leaked put of the EDL and
overestimates of motor neuron counts would result. This
problem is'ﬁgi encountered with the SOL. i
'é) As previously mentiqned, type I fiberé have been impli=
cafed‘as being involved in murine dystrophy of the dy2j
variety. This raises the possibility of selective dropout
of-typé I fibers or neurons., As the SOL has a large pro-
. portion of type 1 fFibers (40-60%) and thus units, it serves
as a betterlcandjdate than EDL whigh at bast contains abdut

-3%'type.1 fibers.
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MATERIALS AND METHODS

Aeima1s-
The strains of mice used in th%s'gfudy were‘the'COnfro1,
(C57BL/6J) and dystroph1c (CSVBL/BJ dy?j/dy2j) mutant.
| They ‘were originally obta1ned from Jackson Laborator1es Bar
Harbor, Maine, and s1nce then have been bred at our own

(s

facilities.

Denervations'.

In-all _cases, the right soleus (SOL) of control (C57\ or_
dystroph1c (dy23) mice was surg1ca11y denervated at e1ther 3
- weeks or-6 months of -age, and allowed to re1nnervate‘for periods -
of up to’ a year |

The. fol]ow1ng is a descr1pt1on of the denervat1on protocol.

Mice were anesthet1sed with chlbra] hydrate (0.5hmq/gm)
'admipistered intraperitoneally. o

The SOL muscle was eurgiga11y exposed with care taken not to
K damage nerve and blood supply.

The SOL nerve was then 1ocated and sect1oned as c1ose as
poss1b1e to 1ts p01nt of insertion in the musc]e The free. end .
of the nerve was then apposed on the belly of the SOL. Ne
attempt was made to pos1t1on the nerve in its exact previous
Tocation, but an effort was made to 1ocate the ‘cut end of the
. perve 1n the equatorial region of the muscle. In Facp visual

inspection of the point of insertion of the re1nnervat1ng nerve

.
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following experimentation, and prior to histological processing
hénfirmed Jts location fn successful reinnervate;, to the
equatorial regiont

The leg was then sutured, and the animal allowed to recover.

13

+

Tension Measurements |
All tension-ﬁeasureﬁents‘;eﬁe done in sitq and under isome-

tric conditions. The following procedufe was emﬁ]oyed. Mice:‘

were anesthetiseg as previousiy described. The'right or 1eftISOL

" was surgically isolated, and a stainless steel wire was.tied to '’

the distal tendon for‘subsequént.éttachment to the force‘

transducer. Silk (7-0) thre;d.was looped around the.prox1$;1

tendon in order to facilitate clamping of the tendon. The

proximal tendon had to be clamped in order to ensure.that

adequafe isometric conditions would be established. - In'theACASe .

of dystrophic animé]s, the sciatic nerve was sectioned in-the

upper thigh. The reafon for this s as follows. In these

animals the Tumpar spinal roots ha;e éegﬁéﬁts'that are amyelina-

ted. Rasminsky (1978) has shown that these sggmen;s are foci

_for the activation of adjacent amyelinated axons. The constant

“twitching that is. seen in the hindlimbs of these anima]ﬁlfs" -

secondary to this.radja]'spread of excitation-émong‘aipha

motorneurons, and also a]oné the gamma-Ta-alpha loop. On this

basis ‘it Qas necessary to denervate the hindlimb, otherwise the

tension measurements would be obscured by movement artifacts
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.'originafing frém adjacent muscle groups.
- The animal was then transferred to the iﬁomefric tension
measuring apparatus. The prepared lea was positioned in the bath
and ‘clamped with a pair of Dumont #5 stainfess steel forceps.
The proximal tendon_yaﬁ then cIampeg as above and the'Teq'was-
sea1ed in the bath with cotton wédding soaked in a 5% aquébus
Agar solution. The bath was- then filled with Ringer solution and
bubbled with 95% oxygen/5% COZ' Temperature was maintained at
37°C by a thermostatically controlled heating coil that was'
| 1pcaggd‘at the base of the bath. |
The distal tendoﬁ.was then severed, and the stainless steel
wire was attached to the transdicer. The transduc r'fomprised a
‘stainless steel cantilever beam, to which four semiconductor
strain gauges (Kulité SUDP-350-160, Kulite Semiconduétor
_Pro’hcts, Ridgéfieﬁd NJ) Qeré boﬁded. The gauges wefe arranged
as a full br%dge circuit and the. output, after suitab]e
amplification was displayed on a 5111 storage osc11Toscope
(Tektron1x, Beaverton, OR), and 1mmed1ate1y ana1ysed The
compliance of the transducer was 1, 2 um/gm and the un1oaded
lnatura] frequency was 1.?5 Khz, "
Tension was elicited by stimu]étinglfhe nerve (1ndiréct)fof’

muscle (direct). For nerve stimulation,’élatiﬁum_wire electrodes
were used whi1e'p1atinuﬁ plate electrodes were ufilisgd for

direct stimulation. In order to establish the appropriate

voltage for stimulation, the following pfotocoT was emploved.

[N -

/
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Threshold voltage ie: the voltage necessary to elicit a
contraction, was established, and was increased until maximum
twitch ténsion was obtdined. That voltage was noted and then
md]tipTied by 1.5 to xield the operating voltage. N
6nce operating voltage was set, the next step was to
position tﬁe huscie at its optimal length (Lo).  The transducer
.' was attached to the arm of a micrometer, thus facilitating
maniqglgtion'of muscle length, Length was increased in steps 0.2
mm, followed by stimu]atiqn at the neﬁLTength. Lo was reached
" when maxiﬁum twitch tension was obtained. The following
‘parameters‘were read directly off the storage osciJloséope and
entered into the dafa fog book. . '
a)  twitch tension {Pt) elicited both by direct and
indirect stimﬁ]ation _ .
b} tetanic tention (Po) é1icited both by direct and
> 1n&irect stimulation ' T |
| c) time to peak tension of the twitch (TTP)
d) time to half-relaxation of the ‘twitch (4 RT)
From these parameters the functional innervation (FIR) and

reinnervation ratio were derived as folTlows:

FIR _ Pt(ind) . or Po(ind)
_ Pt{dir) Po(dir)
RIR _ IR rein. side

- IR unoperated side

If at any time'duﬁﬁng the experiment the value of Po fell

to less than.90% of the initial Po, the experiment was

* Y

discontinued. ’ : "
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At the end of the experiment the muscles were removed,
trimmed free of fat and tendon, gently blotted, and weighed on a
torsion balance to the nearest 0.1 mg.f‘They were then processed

-

for histological analysis.

.Histological Processing of Muscle

Both.solei of experimental animals were removed and mounted
on a chuck, along with the anterior tibialis muscle (AT) which
acted as a mechanical support. They were positioned alongside

the AT as .illustrated in the cross-sectional sketch below,

Anterior Tibialis

Once mounted, the muscles were covered with eﬁbeddinq medium
(OCT cdmpound) immersed for 15 seconds in isopeﬁtane that was
cooled in.1iquid nitrogen. They were then either stored at -70°C
or proéggéed jmmediately. Serial sections (10 u thickness) were

taken at the mid-be11y regian. The temperature of the cryostat
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was set at -20°C. Sections were then processed for Hematoxylin

nQFd Epsin, myofibrillar ATPase at both acid_(pH 4.5)‘and alkaline
(pH 10.4) pre-incubations (Brooke and.Kaiser 1970}, and

t

“monoclonal antibody staining for myosin types (Appendix I). The
primary antibodies used were monocional and directed 2gainst type

'I, ITa, and IIb.myogjns. They wére generdusly provided by Dr.-S.

Schiaffino, Padua; Waly.

.4

-

Quantification of Relative Cross-Sectional Area {CSA) Occupied by

Type'l Muscle Fibers

| To determine the relative CSA occupied by type I fibers,
black and white'photoéraphs of whole SOL were taken from‘seétions
that Qere stained for myofibrillar ATPase. '0n1y musc]é sectioné
in whicﬁ‘no freezing aétifacts or téaring was present qualified
for this ana]ysis.'

“The total €SA of muscle wa$ computed with the aid of a Zeiss
'MOP-Q (MorphoTlogical Optical Proce;;or) image analyser. The CSA

-‘occupied by type I fibers was then similarly determined and

expressed as a proportion of the total musclé CSA, _

Horseradish Peroxidase (HRP) Retrograde Labelling of Soleus Motor

Nuc]éus'
- Animals were anesthetised and the right and left solei were

. isolated as previohs]y described. Bilateral denervation of all

muscles adjacent to SOL wasgkhen done iq'bfder to minimise the

'
5)
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chances of upta}e.of HRP by other motor neuronal pools. .

The fp11owing'nérve$ were sectioned as far as possible from
the SOL: lateral popliteal, nerves to hamstrings, medial and
lateral gastrocnémius, postqrior tibia],_and nerve to plantaris.

HRP (Sigma type VI) was dissolved in 0.9% saline with 1%
Dimethy]'Sulféxide to make'a 10% solution. A capillary tube wéé\

pulled on an e1ectrdge puller to make an electrode with a tip

whose shank was about 1 cm. long and tip inside diameter

between lzlénd 14 ym: The electrode was sedled to the needle of

[N

- a Hamilton mfcrosyringe with wax. Thele]ectrode-syringe assembly

was attached to the arm of a micromanipulator. HRP was drawn

. “into the e]ectrode and 5 - 10 1 were injected into each SOL.

The injectibn was done along the 1on§ axis of the muscle, and

-

over a period of 10 - 15 minutes. Following the injection, the

" electrode was withdrawn and the muscle gently blotted. The leg

'was sewn up with sitk (5-0) sutures and the wound was protected -

’ perfusion with 100 mls. of 5% g]utaraldehyde in a 100mM Phosphate

‘from sepsis by dabbing it with cotton soaked in Cupersol. The

animal was then left to recover.

20 - Zi\hours.1ater the animal waé-anesthetised, and ‘the

chest area was exposed. An incision was made in the right atrium .

" and ]eftlventr1c1e A 30 ml. glass syringe was filled with 0.9%

saline and the an1ma1 was systemically perfused via the left

ventricle with approximately 50 mls. Th1s was followed. by

buffer at pH 7.4, and then 100 mls. of 10% sucrose in the same

buffer at the same pH.

or
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The skin from thé back was'then.removed, and the spindT
coTumn was é]eared of muscle. The spine was cu;ldiagona11y at
the thoracic level. A diagonal cut was‘used in order to allow
easy identification of the side concerned. The vertebrae were
removed and:the cord was taken.out. The roots were peeled off,
and the dura removed with the help af a pair of smé]f'disgécying
séissbrs. A block of cord, witﬁ the lumbar enlargement included,
was cut and put in.IO% sucrose buffeﬁ/to equilibrate for an hour.
Thé cord was then embedded in OCT compount at -15°C on th;
freezing-stage of an IEC Minotome Cryostat. Longitudinal
sections of 40y thickness were thsg taken. Individual sections
were then floated in the compaktments of an ice rack that was
filled with thé'phosphate buffer. The sections were tﬁen
.transferred'with a fine haired brush, to gelatine subbed slides
that werelwetted Qith_buffer solution in order-to aid in
mechanical manipulation of the sections with minimal trauma.' The
mounted sections we;é left to dry at room femperatﬁre for
approximately 45 minutes. They were then s%ained for HRP by the
method df Mesulam (1978). Cell oniés were viéua1ised under -

phase contrast microscopy .and only ones with an' identifiable

nucleolus were countéd.

Determination of Number of Motor Units with Veritral Roet *

Sp]itting Technique o

The. right SOL of ‘experimental, and control unoperated €57 or

_dy2j mice was isolated with care taken tojminimise damage to both
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nerve and h1ood supp1y; A longitudinal incision in the skin‘of
the back was made from the neck region, down to.the'sacrum.- The
' skin was pulled aside to expose the spine, ‘rib eege, and sacrnm.'
The secrum was cleared of muscle inforder to allow for its
attachment to the spinal clamp device that was used to hold the
an1mark4n place. The spine was then cleared of muscle, g
- Al the muscles of the hind1imb except SOL and some of the
' upber thigh muscles were then. denervated. - A 1dop of silk suture
was pleced around the proximal tendon of the soL for the reasons
previously mentioned The distal tendon was iso]ated and a
stalnless steel wire with looped ends was tied to it. To check
"whether the "denervation procedure was successfu] the sc1at1c
nerve was stimulatéd in the upper th1gh regwon and the muscles
were observed under 20X magnification. 0n1y the SNL shou]d
contract. ‘ _
Onee full denervation was achieved, the next step was to
perform a 1aminectomy Vertebrae were removed from L1 - L5 with
) gent1e blotting of the spine where b1eed1ng occurred. The animal
was’ then transferred to the tension measur1ng apparatus where 1t
was attached to a spinal column clamp as follows. The sacrym-and
) mid-pqrtipn of the spine was clamped by opposing metal pins. The
skin ef'the hack was tied to the bent porﬁidn of the metal pins

.$0 as to fonm a pool that could be filled with the appropriate

ed1ution. The leg was ‘clamped at the ankle and prepared in the -

L ' r . .
same manner as for isometric tension measurements. The bath was
L
Ve

e L
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. sealed with cetton soaked in a§ar solutioh. Ringer solution was.‘
poured into the back pool, and the dura was removed with the atd
~of fine torteps and dissecting scissors. The Ringers was then
aspirdted by vecuum suction, and repTaced WIth paraff1n 011
Paraffin was used in order to minimise current spread dur1ng
stimulation'iéﬁ’he ventral rootlets. | . : f
The doréa% roots on. the right s{de were then exposed, cut;
and reflected to theeside. tentraf_robts L3 and L4 were cut and .
mounted on a‘pair of platinum wire stimp]ating e]ectrodés
(central electrode), Anbther stimu]ating e1ectrode was placed on
the SOL nerve (d1stal electrode). Optimal muscle Tength was
established by prox1ma1 ferve st1mu1at10n, and the IR was thgn
detenmlned |
Ventral roo*c L3 and L4 were theh stimu]ated supramaxtmaI]y,
. and the tension. e]1c1ted was compared to that obta1ned by
distal stimulation. Ideally, the two should be the same, but as
the erocedure is-extreme1y delicate there is some chance of
damage to the roots. - This is part1cu1ar1y true in the case of
dystroph1c an1ma1§ where 1arge segments of root are amyelinated
and consequently extremely fragi]e.  Thus, occasionally the .
.otension elicited proximaTTy'was Tess than that e1icited distallyj'
As this would 1nvoTve random nerve damage and motor unit dropout
it shou1d not b1as the est1mates ‘of motor unit size,

The ventral roots were then placed on a sta1nTess steel

o dissecting’ staqe that was 1mmersed in the paraff1n pool, and then

Py
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| split with the aid of very fine forceps. A split root was then

mountéd dista]iy‘énd §timu1ated supramaximally. - The voltage was
“then Towered until threshold vo1fage was reached. Threshold
voltage was takén as thét voltage at thch an 311 or none twitch
is elicited 50% of the time. Ten pulses were given. If the
tensibn elicited at threshold voltage was less than that at
supramaximal vo]t&ge, the root was split further., This procedure
wWas repeéted‘unti1_the two'tensions were equal, The same
protocol was QOne for the tetanus. If the all or nene criteria
“were met, a sinﬁle unit was considered to be isolated. \%

This was occasionally verified by another £est, namely the
all or none EMG e]icitgd via proxima] stimulation.

In the case of dystrophic animals, the gonventional ventral
root splitting technigue proved to be inddequate for determininq
the number of motor unité. It was found that whole muscle
tension cou]d.be e]icifed by stimulation of a large humher nf

individual rootlets. This was probably due to ebhaptic

activation in areas ,of amyelination that were distal to f]k site

- «
of the split. A Tikely consequence of this is that dn individual
) _ yocon A Hhd ]

b

unit could be isolated from several sblit rootlets. To-alleviate
L .

[ i :
any subsequent problems in interpretation of the data, instead of

splitting the ventral roots, the sciatic was spTif in the upper

/

thigh region. The protocol’was essentia11x the same as ventral
¢ ' -

root splitting with the exception of the laminectomy and

" associated procedures.

s
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“tension elicited by stimulation of SOL nerve.

\ | \ ‘ . 53, -
Motor unit size was expressed as a percentage of the total

i.ec: Size _ Unit Po , 100 .

SOL Po - Ry

The number of motbr units was estimatéﬁ by taking the

average size and dividing it by the average SOL Po.

Thus # of Motor Units - Po SOL
' ~ Po. Unit

where Po is average tetanic -tension

¥

Po SOL was checked after isolation of each unit, and if it
'J

dropped to less than 90% of Tnitial Po SOL the experiment was

terminated, and the most recent1¢;iso]atéd unit was discarded."

 In some instances incremental stimulation was used to

jestimate the number o% motor units. The first and last 4 ynits

" obtained in the twitch were ave;aged, and divided into tHe twitch

%
tension to yield the number of Tinits.

n

# motor units‘ Pt

e “Punit

As “in the FIR determination, at the end of the experiment

‘both soTei‘wenezextirpated, cleaned of fat and tendon, and

weighed on a torsion balance. ‘The anterior tibig)is was also

removed and the muscles were prepared for histological

r -

examination in the fashion previously described.

Coﬁpositioﬁ of Ringers Solution
. NaCl: 7.071 g/L NaHCO,:'2.10D g/L
KC1= 0/354 ¢g/L KH2P04:‘0.068 g/L
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CaCl,:. :0.1666 g/L MgCl -6H,0: 0.047 g/L |

272
" Glucose: . 2.000 g/L'

In one experiment, 2 mg% d-tubocurare was added to the

*x

Ringer. The rational for this is as follows.
; " There._was some concéén thét direct stimulation of the muscle
may not depolarise all the musbfé fibers directly. It/is
possible that the voltage used for direct s@imuIétion is
sufficiently large to depolarise the nerve terminals-and not all
fhe muscle fibers?

This was tested by first determining’ Po max by indiﬁeéf‘
and direct stimulation in normal Ringers solution. The normal
Ringers was then Eeplaced with Ringers that contained 2 mg¥
d-tuboéurare to block neuromuscular transmission. Po max
was elicited indirectly at 1/30 sec'un£i1-it dropped to zero.
The muscle was then stimu]atéd directly. It was found that |
Po(ind)R Po(d1r}R (d1r)C where R and C denote normal
Ringers and curar1sed R1nqers respect1ve1y

On the ba51s of these results it was concluded thaf the
voltage used for direct stimulation is adequate to activate a]l

the muscle fibers directly.

Statistics \F,;}
Al va]ﬁes\représent the means + standérd'deviation (5D).
| To ascertain thé 1evé1 of significanée; thq»Stddents T-test
was emp]oyed in the following fashion. A]T gfoup to group
comparisons were made using-the unpa1red T test, wh11e w1th1n

group compar1sons were analysed by using paired T-test.



RESULTS B

" General Morphology and. Fiber Types

Table I1I compares the wet weights of keinnerﬁated €57 and
dy2j solei té that of the contralateral unoperafed muscle.
A1§bouqh all reinnervated muscles recovered to stafistica11y '
significan%ly less values than unoperated muscles, in'thé case of
the pldEr C57 group the difference was even miore pronounced.
Also, there was no difference in the wet weightslof young
€57 compaqed to‘young dy2j SOL, and while the C57 SOL gre@ with
age (7.58 mé vs 10.58.mg), the wet weight of dy2i SOL did not
chaﬁge significantly with age (6.72 mg vs 4,98 mg);*and in fact a )
téndenéy to atrophy is noted. THis was a];o bornelout by vjsual
inéﬁection of cross-sect{ons stained for H&E. Fig. 1 shows
_cross-secgjons of one month old €57, dy2j, and 6 month p]d'dijf
SOL stained for HSE. No-differeice in morphology had been notédr
‘betweeﬁ young and old C57's. ﬁ;;é\:he presence of centrally
Tocated nuclei, connective tissuesi filtration, and atrophic
fibérs;in-dystrophfc muscles, The 61der dy2j'SOL is clearly more
severely affectéd'in this respect than the young one.
-"Reinnervated muscles are morphologically similar tq,their .
unoperéted counterparts, however the fiber type distribdfioh is
. altered in réinnervated C57 §BL (Fig. 2). Whereas the pjﬁportion |
lrof type I:type ITa fibers in C57 SOL is roughly 40:60, in
reinnervatea SOL thié‘is‘increased to 75:25 (TabTe‘Iil).‘ In



?ect, some of the “new" type I'fibers also confa{n type Ila
. myosin (Fié. 3) and are .thus presumably in the process of .
respecification. . Co-existence of myosins was only fqre1§ seen. in

C57 unoperated SOL.

The decrease in proportion of fibers stain%ng dark for
' anti-type II antibodigs as reinnerv;tioq proceeds {76% at one
month vs 28% at 2 mdnths),‘ie evidence for the conversion of
fibers from type IIa’tO type I Fig. 3.
| Also of interest is the fact that a]] fibers that sta1ned
intermediate for ac1d ATPase (Fig. 3b) were dark]v sta1n1nq for
the anti-type II sta1n. In addition, not all dark stainina
fibere in the acid ATPa;e were pure type 1 as co-existence Was
shown in 9 of sueh fibers. Because of_this ihconsistency a note
of caution should be heeded when making statements on fiber type‘
- composition based on ATPase etaining,alone. A more accurate
déséiip?ion of the actual myosin type 's' contained in any given
ffiber can be obtained'with the use of immunohistochemical |
; techniques, and these should be given prefereﬁce
In contrast to the pauc1ty ‘of myosin’co-existence in’

unoperated C57 SOL a 1arge proportion of the fibers of dy2j 'SOL
‘conte1n more than one myosin (Fig. 4). Furthermore “the
ekﬁstence of type IIb myosin in dy2j SOL was conSistent]y pnted.
This is odd since C57 SOL rarely contains any type I1b myosin,
and if so oniy a few fibers whod contain it, perhaps the

L6

equivalent of one motor unit. ~What is also quite striking 7s the
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vast amount of - type Ila myosin, and the scéﬁty amounts of type I
myosin in the SOL of older dy2j animals. There were actually
very few pire type I fibers in old dy2j SOL (Fié. 4a). Also,
some fibers contained all 3 myosin types. In the case of '

reionervates co-existence of myosins was extensive. A1l fibers

contain some type Il myosin and some fibers contained all 3 types
‘(Fig. 4b).

Contractile Characteristics

. Absolute twitch and tetanic ten51on of reinnervated SDL was

s1gn1f1cant1y reduced in ali groups with the except1on of the o]d

dy2j group where only tetanic tension was reduced. When

_norma11sed to the wet we1ght of the muscTe only the young €57

- reinnervated SOL showed a 51gn1f1cant reduct1on in tw1fch

tension, wh11e the o0ld dy23 group was the only one to show a

reduced norma11sed tetanic tension.

The values of twitch:tetanus ratio are showﬁ in Table V. No

| d1fference is seen between re1nnervated and unoperated SOL -with
Jthe except1on of the o0ld dy2j group, where s1gn1f1cant]y h1gher

values were _noted when compared to both old unoperated and young

dy2j re1nnervates.
The tw1tch tempora] ‘characteristics of time to .peak ten510n

(TTP) and time to half—relaxat1on (#RT) are shown in Table VI

Note the in;reased TTP of reinnervated young and old‘C57,SOL

versus_unobergteq mhscles., This correlates well with the

previously mentiohed increase 1n'proportion of type I‘fibers‘and,

a0
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slow myosin. TTP was also increased in o]d reinnervated dy?j

mus?les as was the iRT. Unfortunately IRT's were not taken for
Qhe young C57 reinnervates, thus those data.are not avai]ab1e;'

The on animals show an increase in this parameter.

"Reinnervation Parameters

The functional innervation ratio (FIR) of all solei with the

exception of the old dy2j reinnervated group was close to um

(Table VII). .In the old dy2j group the FIR of the reinnen{d
SOL ranged from 0 to 1.00 with & mean of 0.58 + 0.38. Thi
also borne ouf in the values af RIR where only the old dy2j group
shdws an impairment.

Upon c]pser in;pection éf the‘}awmdqta it became apparent
that ;he impairment in reinnervation Was sex_depéndent. The male -
group reinnervated well (RIR= 0.89 + 0.13(5)) while the %emale; .
~were clearly impaired in .this parameter {RTR= 0.28 + 0.27 (55).

HRP Retrogradé Labei]ing of So]éds Motor Mucleus

No'difference in the number of motorneurons is seen between
unbbérated and reinngfvated C57's thus indiﬁatinglthat all
motornedrons-do in fact rggro@ and captﬁfe pérritory (Téb1ef
VITI). In the case of dystrophics a §1igﬁt-but significant
reduction is noted in the case-of'réinpervatés.. The broad range :
indic;tes that this is somewhat €5%22b1e. In fact, 2 of the 5
animals ‘showed rediced numbers. - : |

There was no difference in the numbers of motorneurons of -

unopérated dy2j's and control animals.

&
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Motor Units

C57's | S

Out of seven old contrel C57 animals, éB units were -
obtained. The motor unit sizes ranged frqm 2.2% 8.6% of total.
tetanic tension (Po SOL) with a mean value of 4.71% thus yielding
a total of%21 units. No re]ationship was seen between TTP‘and
hoéor'uhit size (Fig. 5). : | o ;

~ Seven old,C57 reinnervates were examined. A total of 44
units were obtéined.-'The range of sizes was 0.4% + 12.3% of Po
SOL with a mean value of 4.98% thus yielding a total of 20 units.
-'A1thugh the mean unit sizes are not sianificantly different from
‘reinnervate to tontfo], Fhe actual range_of sizes is broader in
the case of reinnerva&es (Fib. 6#.. There also is a relationship
between TTP and size in.reiﬁneryated_C57 SOL,;théf is only
appérent in the region outside the normal raﬁge of sizes seen iﬁ
unoperated ﬁusc]e (Fig. 5). Out of the 44 réinnefvated units, 16
had sizes & 2.7% Po SOL, and out of .these, 13 had TTP < 12 msec.
A1l the largest units ie:those with Po >_8.Gi were slow
contracting (TTP 3 15 .msec); : o |

Out of 5 old dy2j mice, 11 ynits were obtained by sciatic
split. Their average.sizeuﬁaﬁ .83% ?o SOL (Range: 2.0% + 11.5%
Po SOL) yielding a total of 20 uUyits. Unfortunately the scia%ic
split te;hniqye-on1y yielded, 3 units at best per animal thus

‘making it impossible to estimate rg]iab]y the number of motor
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“units in each individual animal. Incremental stimulation of the

sciatic was thus employed and the value obtained (IB + 2)

although slightly less, is still close enough to the value

obtained by sciatic split to make it reliable.

Incidentally, in 3 animals the number of motor units was
estimated by yentra1 root splitting. The problem associated with

this technique was mentioned previously in the Methods Section

pg. 54, howeber, what is of interest is that if all the units

isolated {10 units) were used to determine the number of motor
units, a value of 23 was obtained. If the units that were
apparently activated more then once (3 unité) are excluded, a

va]ue of 19 is obtained. This is close enough to 20 (sciafic

~

sp11t) and 18 (1ncrementa] st1mu1at1on) to lend some credence to
these techn1ques as be1ng fa1r1y atcurate 1nd1cators of the .

number of motor units.

v,

In the one month post deﬁervatibn grbup. the number of motor

units was estimated by incremental st1mu1at1on of the sciatic

_ nerve. For the who]e group a va]ue of 17 %1 (9)‘was obta1ned

for the unoperated SOL, while the reinnervated- SOL- had 13 + 3 St

(12) units. A sex difference was however noted. In the males,

. no d1fference was seen between unoperated (y) and re1nnervated

(R) muscles (18 + 1 (4) U vs 16 = 2 (6) R) while in the females ‘

‘fewer units were obtained in the reinnervated SOL (17 + 2 (5) 1

Vs 11 2 (6) R) p <*.001. o : {:

Some older re1nnervates (34 months post denervat1on) were
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also examined. Out of 4 animals, 7 units were obtained by
sciatic split. The sizes ranged from 3.6 % + 21.3% of Po SOL.

The average size was 7.38% Po SOL which transiates into roughly

14 units.
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b disease process, this making interpretation of results hazardous .

Sex-Difference in Reinnervation of 0id dyza SOL
- As mentioned earlier on in the Results, a significant

difference was seen-in both FIR and RIR of the older dystrophic
’ .

group-when cdmpared to younger dystrophics or older C57's. Even -

though the difference is significant (p < .05), the. rather large
values of standard deviation make it clear that a certain amount

of variability does exist nonetheless. When the data were

analysed with respect to the sex of the animai, an impairment in -

reinnervéting ability was only apparent in the female mice (Table

IX). Also, castratibn of male mice prior to denervation led to -

~ an impairment in their reinnervating ability that was

quantitative]y simiTar to that observedhin the female group ”
(Table IX; see also Fig. 7).

Other parameters that are normally affected in denervated -
muscle are TTP, iRT, aﬁd thé tw{tch:tetanus ratio (Lewis 1972,
Finol & Lewis 1975). 1t is thus not unreasonable to expect these
parameters to be affected in musc]és where -a-significant
proportipn of the fibers are fﬁnctional1y denérvated. In non-
pathological states, such.déta would lend to easier interpreta-

tion. In the dystrophic s;ate,'the aforementioned variables with

the exception of'twitch:teténus‘ratio: are aJreédy aitered by -the",

at best. However, the fact that the increase in TTﬁ, and RT of
the reiﬁnervated‘femaie, and male castrated group ﬁas higher than

in the male group leads me to suggest that the additional .

Fr
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increase is a reflection of t@e properties of muscle fibers that
- N .
are functionally denervated.

This point is further emphasized when one looks at the
. values of twitch:tetanus ratio. In the male grouﬁ, where

- reinnervation was complete, there is o signifitant difference.

between unoperated and reinnervated muﬁc]es.‘ Reinnervated SOL of

both females, and male castéates, had higher values of twitch:

_ tetanus ratio than the unoperated muscles (TpQ]e X).

-

Lewis (1972) also noted that in some instances the twitch of
dénervated mgsc]e wés atypical in tﬁat.after-contractipns would
occur duringlthe relaxat{on phase. I also nated this, and onﬂj
-+ in animals where the FIR was severely reduced. A representative
~ whole muscle twitch optained By direct stimu]at%on.of d_vZj

reifinervated SOL is shown below. In.this case the animal was

female. Note the aftercontraction (qrroh).

20msec

l
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dyZJ femates and castrated males, it would appear that a gonadal
~ factor may play a role in re1nnervat1on 1f th1s is true then

1t is somewhat curious that ne1ther the €57 nor the younq dy21
group showed any sex—dtfference in re1nnervat1on.

A possib1e exp]anation- or this {s thét through the
'progress1on of dystrophy in the dv?1 mouse, motorneurons: become
affected in such a way so as to render them 1955 ab1e to res1st av
‘massive assault such'as denervation. U1t1mate1y,-the1r capacity
_to regenerate would be diminished, but if a facter exists whose‘
action is trophic in that_it stimulates growth, then this
deficiency would be ﬁaéked, and'teinnervation would appear .
unaffected. | _ |

As the data presented here peinte te a factaor of gonadal
: ‘origin'as.bEing involved, this subjéct is currently under
| imvestigation with particular emphasis on.testosterone aéfthe

A

putative factor.
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DISCUSSION S
I will divide this section into two parts. In the first I

will dgscuss the results pertaining to the slowing aspect of C57

- ‘reinnervated SOL. In the second part the question as to the"

etiology of murine dystrophy will be addressed with respect to

the data obtained in this study.

(i) Slowing of Reinnervated €57 Soleus

The slowing reférred to was manifest in the following ways:

- an increase in the TTP.phase of the twitch, along with a parallel

increase in the proportion of muscle fibers that contain type I
myosin, or that stained type I positive in the myofibrillar
ATPase stain (Table VI, Fig. 2, Table III, Fig. 3).

This slowing can be interpreted as résult?ng from either of

"two possibilities.

1) During reinnervation not all fast motorneurons were -

able to reinnervate target tissue.. Their subseduent

- deéth is reflected by a decrease in the proportion of

4
fast fibers in reinnervated. muscles.

R ot
2) A1l motorneurons .grow back and reinner?ate.target
tissue, however the type I neurons are more adept at

' cbl]ateralising and consequently they leave less
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available territory for the type II neurons. .

. Possibility #1 can be ruled out immediately a$ no difference
was found between the number of motorneurons innervating . |
reinnervated SOL versﬁs the unoperated muscle (2¥.4 + 1.1 control
vs él.ﬁ + 0.8 reinnervate). This was also borne out in the motor

unit experiments where the numbers obtained'correlate well with

‘the HRP data (21 control vs 20 reinnervate).

-

"A]fhough‘othér results “show reductions in both motor units
(Bagust and Lewis;1974, Gordon and Stein 1980) and motor neurons

(Bearcroft et al. 1983), unlike in this study where denervation

4

is performed at the point of entry 6f motor nerve into muscle, in’

thosé preparafionsz denervation_wéslberforméd.at a remote site
from the point of entry of the nerve supply into the muscle, The
ﬁossibility then ééiées that if type I and Ila motorneurons have
differentia1‘rates of regrowth, with'l > Ila then it woqu nnt_ﬁe
at all surprisjﬁg to see a reduction in the number of reinner?a-'

ting motor neurons, along with a slowing of contractile paﬁh;_‘-

meters. Bearcroft et al. (1983) also noted that the reinnervated -

.rat soleus was almost enfire]y composed of tybe I fibers,_whefqas-

the unoperated muscle had roughly 20% qf'type Ila fibers.

- . On the basis of the-lack of change in number of_ reinnerva-

ting motor neurons it is’safe to say thag'ét Teast the first part
of possibility #2, namely that all motor neurons qrow back and
reinnervate target tissue, is accurate,

The second part-nf possibility #2 is supported by the
. 'l ]

<

o
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. ' fdflowing ngervations:
.. 1)  the slowing of TTP
“\ e . '2) - the increase in'ﬁroportion of {ype [ fibers

3) %mﬁﬂnohistochemicai'evddence for conversion of type Ila

'Aip type I fibers i
4} the.;argest‘reinnervated motbr units were all slow
- o | .contracting - |

. IR ~ §). most (13 out of 16) Jf the smallest reinnervated units

| were fast contracting '
—' 0On the aspect of slowing of T;%, Biséﬁe and. Taylor (1967)

. derived a Sa%hematical model that could péedict the twitch
temporal‘characyeristics of a hypothetical muscie, gi;en various
proportions of fiber types. Using their model, an increase from
40% .type I to, 7?}%type I would resu]t in a 26% increase in the

TTP. Table VI shows that in the voung c57 group TTP increased to

16.50 * L.Osgjféc in reinnervates compared to 13.67 + 0.52 msec
m

in unoperate

. [}

value is in close agreemeht with.

uscles, an ‘increasd §f approximately 22%. This

: e predicted va]Jé of Biscoe
- and'Taylnr “and the fact that it is not exact1y 26% may be

i " attr1butab1e to the co- ex1stence of type II myosin in many of the

a

rf1bers that conta1n slow myvosin (Fig. 3)
On- the coc ex1stence of mybclns an 1nterest1ng po1nt emerges
N S when one compares 2 month to one month re1nnenvates

\\ . . ' At bcth one and two months following denervation all anti--

; ‘k‘ type 1 cross reactd g$fibErs }tain uniformly. —This,fs not the
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case if the muscle. is stained for type II myosins. A
differential profile is seen. This is unlike the uniforﬁ pettern
that is typ{ca1 of unoperated SOL. Whereasﬂaf one month post
denervatien,lg of'25 fibere‘(76%) that show co-existence are
dark, by 2 months only 17 of 42 (28%) are dark. . The rest are
either intermediate, or light in staining intensity (see Fig. 3).
As_the proportions of intermediate apd light staininq-fibers to
dark ones 5ncreases with duration of/S

reinnervation it would

appear that type Ila fibers are being converted to type I fibers.

.. t a
The persistence of -type Il dark fibers even at 2 months post-

denervatwon sugqests that some fibers may be poTyneurona11v
1nnervated The reason for ‘this is as foI]ows
The re1nnervates are fully innervated bv one month- post

denervation as I.R, = 1.0. Th1s fact. makes 1t d1ff1cu1t to

. exp]ain the existence of fibers sta1n1ng dark for both type I and

L} myosin by 2 months post denervation unless their myosin

: exﬁression.is {nf1uenced by at least 2 motorneurons of different

.type;“use1ﬁohs & Sreter {1976) have shown that it takes o

approximqieTy 4_w§eks:fo¥ fe-épecification'ef the contractile .

- apparatus to occur following reinnervation by a foreign nerve,

Based on this observation. by ? months all fibers with
co- ex1st1ng myos1ns should sta1n paler for one of them As this.'
is not the case for Some of the f1bers it-is 11Pelv that |
polyneurona1 1nnervat1on persists for at least 2 months post

¢
denervation. Otﬁer investigators have\Hhown persistence of

- S
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po]yneuroéa] innervation f611g=ing re}nnervatioh for ﬁEr{ods of
up to 72 days {Frank et al. 1974, Brown and Ironton 1978).

' ”Thus—fa;ﬂ, the evidence presented is consistent with the -
notion %hatrtype I motorneurons are more adept,at“reinnervating.
The motor unit studies.add-furthezbtredence to this idea. Haile
the average reinnervated moto; unit size was not different from
unoperated muscles, the range exceeded both boﬁnds. This has
al;o previously been reported by others (Bégust énd Lewis 1974,
Gordon and Stein 1980}. Furthermore, and more importantly with
respect to préferentia] reinnervation is.the fact that al1 the
1ar§est units (outside unoperated ranqe) were slowly éontractihg,

while most of the sma]lest un1ts were fast contracting. It would

' have been 1dea1 if 1 had been ab]e to isolate the .units by

-

g]ycdgen.dep]etjon. Unfortunately I was . not ab]e to perfect this .

. technique in the mouse SOL. It would have been useful to
correlate the unit size with myosin types.-'ﬁohethe1ess.fhe data
is certa{n1y consisténi Qith'the notion;tﬁat type 'l motorneurohs
can expand their re1nnervat1ng territory more successfully than
type II'motorneurons
To conclude, the fo]10w1ng p01nts can be stated with a fair

| amount of certa1n1y |
1) A1l reinnervating moforneurons_form successful

 contacts,'in Qoﬁe cases with more than one muscle

fiver. '
2) A]] muscle fibers becdme reinnervated.

1
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3) Type 1 matorneurons appear to be more successful than
. type Ila motorneurons at co]Tatera1ising and thus

expanding'thgir_field of innervation.

(1) Reinnervation of C57-and dy’ SOL and the Etiology of

Murine Dystrophy

It is not possible to state with certainty what the etiology
of mhriné”dystrophy is, -from the results obtained. The bulk of

the evidence however is supportive of both neural and muscular

- _involvement. ' ' -

_mqsprneurdnsh This in fact did not occur. The twitch temporal
characteristits of reinnervated dy
" those of the unoperatedlmﬂgﬁe. and also;no'increase‘in type 1

riyosin was noted. In add

There are basically ? observations that are supportive of a

"sick motorneuron" concept. The first concerns the reduced

number of reinnervating motor units in old dy?d mice.. Before

dealing\with that aspect, I would Tike to first address the other \\\\\_;_

. .
- piece of evidence in favor of altered motorneuron function, along

-with &Vidence for an intrinsic myogenic defect.

It was shown in Part {i) of the Discussion that the most

-
likely explanation for the slowing of C57 r?innervated SOL was a
mor bust reinnervation by‘!ype 1 mptorneﬂrohs. 1f this is

indeed the case, then one would expect the propertieé of young' . ¥

reinnervated dy2J SOL to shift in a parallel fashion, given of ; ‘//

-cqﬁﬁse that'this response is an intrinsic property of‘t&pe I

2 SOL did not differ from

\
- " b

jtiop} moct of the fibers of -
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ZJ SOL contalned type II ‘myosin thus 1nd1cat1ng a
more robust re1nhervat1on by type }Ia moeor'neqrohs. It is
poseib]e though thaf-dysfrdhhic-éOL conta}ne‘relatively fewer
eype=I mofor units . thehICS7‘SOL IF this were true then the

resu1ts would not necessar11y 1nd1cate motorneuron 1mpa1rment

LY

There are however 2 11nes of ev1dence that would indicate that

there likely is no d1fference 1ﬁ the proport1ons of fast to slow

motorpeutrons in C57 SOt vs dyzq SOL. Firstly, the‘f1ber type
a\@&:;hut{on of 3 week oid (time of denervation of the young
group dy2 mouse SOL is virtually identical 'to.that of age
matched C57 mice (ertz et al. 1983 a,b, persona] observat1ons),:
Parry & Pars]ow (1981) found an increase in fhe amount of |

& - . 2J

atypical (IIc) fibers in 3 wk dy“" SOL.. They used ATPase

;'hiétOChemistry‘to identify the fibers. In a simi]ar study Ovalle
T et‘al (1983) found no. difference in the. number or proportion of

ﬂ;;atyp1ca1 fibers in the soleus of 3 wk old dy2 mice. The

"‘,.fd1screpancy in these studies may be a reflection of the °

‘unrel1ab111ty'of ATPase staining as a sole criteria for fiber

-

type ideéntification. Wirtz (1983) combined nxidative, glycolytic
and ATPase Etaining to arrive at 24 fiber c!assgg As prev1ous1y
ment1oned no d1fference in f1ber type proportions was seen

between 3 wk CS? "and dv?‘J

mouse SOL in his study. So it is
fa1r1y-ﬁafe to say that’ the propor@i&n of fiber types is not

- ) C
significantly different between 3 wk C57 & dy2" SOL. Also in

' this study, no differehce\was found in the total number of
9 0 ' . .
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motorneurons to SOL between dyZJ‘

and C57 mice. It is thus
1 ! . L . .
reasonable to assuﬁe that the proportion of fast to siow

motorneurons should be the same‘in'fS? end‘dyzq mice. If then

f . :
the robust reinnervation displayed by type I motorneurons is’

truly a normal physiological neepdnse, then its. .absence fn'dyzd
SOL is cons1stent w1th a neura1 abnorma]1tv 10ca11sed to type I
motorneurons.‘ OyaTIe et al. 1983, showed that w1th aqe the .
propartion ef sidw onidetive fjbers-1n dy2J SOL decreased. As;n
the’absd]dte,nuMberg of ‘fast ‘fibers did nqt'cnange significantly
up to'3§ weeke ofrege,;ﬁheir'6bser0atinn§ are synpontiVe of type
1.fiber invoTeement. | |

In confexﬁ'to the pnesént discussion these observations can
-also be incorporated into a modei nhere motorneurons. are affected
_and lose tneir ability to mafntain.comnlete synaptic relations
ﬁi;h their muscle fiber complement.” This could ﬂﬁjﬁanifest in a
ndmbe} of ways;ﬁone of whign may be the ?oss of a nrotein whose

express1on 1s dependeny on neural inf]uences Bu11dr Ecc]es &g y

-

- Eccles (hiGO) showed that. the deve]opment of slow muscle in the'

A

cat was 1arge1y dependent pn neural 1nfluence.\\SI’Tgtorneyrnns R

are a1ready'c0mprom{sed in their abflity'to‘specify-slow myosin .

- synthésis, then it would ngt bé surprisinq'i* these same"‘

o mo+orneurons are less able to resist a stress e\kh as denerva- -
,\:on The. result would be a 1ess robust re1nnervat1on with the
- possibiltity of motorneurona] death and very little chanqe if anv

in fiber type composat1pn. 15". . ' '?EZ- )

3



" a method whereby the 1dent1ty of affected motorneuro

'approachvis severely reduced if the measured par meters are

73.
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Indeed, the number of motorneurons in reinnervated dy
was reduced relative to the unoperated side. Although, ‘it is not

possible to Qositive]§‘identify the affected motorneurons,,e

: réduqed number would be expectedlin the.case of a neuroba%hy, and

in EOntext to the results presented thus far, it is not

unreasonable to speculate that slow motorneurons may be involved.

'This'indeed may - be verifiable. Alpha motorneurons can be

'.marked with HRP retrograde ]abé]ling Then, if the demonstrated.
I;.Id1fferences in ox1dat1ve enzymes (S1ck]es & Oblack 1984) or AChE
‘1soforms (Gruber & Zenker 1978) between different a]pha

- motorneuron types can be co-demonstrated by h1stocheTlf;1 means,

ay be |
1dent1f1ed becomes ‘tenable, wa1ou51y, the viability of this ' .

themselves varieb]y affecled by the disease prdeess.

T-Jf'comee as somewhat of-a surpri;e that the twitch'temporel
parameter of #RT is una]tered in the young dv qroup IRT is a’
rough index of the rate of removal of Ca' -frbm the sarcobﬂasm.
From denenvatnon (Sreter 1970, Palexas et a1'?1981), and fbreign‘
nerve re1nnervat1on exper1men‘§ (Margreth et al 1973) on rat B

SOL, it has been demonstrated that the. funct1on4nq of tib

sarcop1a5m1c ret1cu1um {SR) is 1arge1y dependent on neura]

'1nfluences, It has also been Shown that SR 1soTafed from

‘.

dvsiroph1c~ﬂmscles, has a1tered Ca pump act1v1t1es (Sreter et

1

al.\l9§?, Mrak & Baskin 1978). Th1s_§ou1q exp1a1n the 1ncreased

"
" A

iE
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*a*ﬁT observed in dystrophic muscles by others (Harris & Montgomery

also evidence for an intrinsic defect in ‘tension generating

‘capacity. L - . , A

units is not differént from contro}s‘te dystrophics, the mean

1975 Parslow & Parry 1981, Parrv & Desypris 1983)

On the other hand more recent]y Mrak & F1e1scher (1982)

' Uséd a gentler techn1que in isolating the SR from 2 month o]d

24

- 129B6F1/Jdy mice and fohnd'no differendé in specific ca't puﬁp

aétivity. This may be the bas1s for the 1ack of Jncrease.in iRT

'bta1ned in this study What is of note
with respect to SR funclion is that the old dystrophic unoper;¥3§‘\y

female group had signifikantly increased values of RT when

- compared, to the old control unppeﬁ?ﬁed SoL. This;may be” partly a

maniféstation of the intrinsic properties of denervated muscle
‘fibers that exist in these'muscles as their FIR's were lower. In
addition it is possible that female dy2J motorneurons are less

able to trophically. sustain normal SR function,

Along with this evidence for neural involvement, there is

]

It was found that.although the number of motorneurons, or
Bl . - ‘ .

-

- absolute motor unit size wds decteased,.as tetanic tengion was"'

‘significantly reduced. This may be interpreted as either an

1mpa1:ment in.zhe ability of motorneurons to sustain larger _f.(

numbers of fibefs, or as an 1ntrinsic weakness in the fibers

themselvés It is d1ff1cu1trto reconc1le this obsprvat1on in

\'
terms of q neurunal 1mpa1rment as if, th1s were the oase then one

A
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;{wou1d expect to see functiodal denervation, at some later stage
of the disease. .ThjsAis.not the case evem in Fhe older
dystrophics. What seems more likely is that a defect may exist
in the interaction of contract%]e proteins. Therelére reports of
decreased amdunfs of troponin C and I in patients with Duchenne
dystrophy (Ebashi_ﬁ Sugita 1979j however it would be.somewhat
prematu(Z;rt this point to i;y that this is the cdse in the

. . murine mddel of dystrophy. n.this study it was observed that
: . . o . . : 2J

WQH\ ‘ normalised twitch and tetach tensions of the young dy“Y group
were significantly reduced compared to C57's. It is rather odd
s that this difference is not apparent in the older group. In th1s
" | - pegard,.B:essler et a]h (1983), noted quaITtat1ve1y s1m11ar

2 mice vs C57' s,

'.findings in young- and old dy
L lThus;'in the young gfbup, theldata wou]d\seem.to suggesc:
that a neureT abnormality exists along with what abpears:td-be an ~
intrinsic myogen1c defect. In the older group the neura1 defect
s more pronocunced, and as w1l] be sho. the myogemc defect has

also progressed

1

~ The. neural defect was clearly exposed in the older dyZJ'

PR group. The impairment in reinnervation was“wanifest as'a

- reduction in RIR and a tendency to lowe .Qgpbers'of motar unigs.

-As‘previously mentioned.la sex'difference'd ted, wifh ﬁa1e‘;
“mice reinnervating weTl,.both:in.terms:df_RIR and number. ‘of motor
' . ; o Un{ts. The female mice;-qn‘che othec hand showed a2 clear o :
'iﬁ- ' f - -.-impedrmenf\in reinnecvation, as the RIR was significantly reducEH;“"//f_



.gon&dal origin is 1nvo!ved in pre

animals the TTP and IRT's of reinnervated SnL were not

a]oné with the number of motor units. T
The sex difference in reihnereation brings out some

interesting points that support -a neural involvement, but before
consideting_that‘aepect~it is also instructive to compare the old
CS?HQroup,with‘themo1d dy2J group. What is interesting with
respect to the twitch TTP and #RT is that there is no difference
in either of these parameters.between C57's and the‘&hole group
or the males in the dyZJ group. JFema1es, on the other hand have
significently increased TTP &and iRT. -As these muscles have |

identical FIR's it is possible that the.change in these

parameters is a result of the dystkdphic process. The fact that

there are not increased amounts- of siow myosin in the female

dystropﬁics suggests that the increased TTP méy‘be the

qonseqﬁence~of a longer duration of the active state which in

itself could be'broughe about by a decrease in the efficacy of

the S.R. ‘ | . |
Why doesn't the ma1e:djstr0phie express the same .

a1terafions7 Perhaps a protective factor exists in these ‘animals.

Indeed, the degree of s1ow1nq is qreater in re1nnervated femaTe -

and male gastrated mice,. tha in the male group (Table x)

The most sggqest1ve ev1de e that a. protect1ve factor of :

nt1nq full expre5510n 1n ma]es

is seen in the reunnervated male castry ted qroup n these,-

-

.
wt

' significantly d1fferent from ‘the fema]e reinnervated musc1es

-

Y
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Thus, any protective advantage that thev normally Woqu have had

is lost upon removal of‘the gonads A]so the TTP and 4RT of the '

" unopetated SOL of male castrated grOUp was not s1gn1f1cant1y

d1fferent from the dsz unoperated male group thus 1nd1cat1ng
that‘5 weeks of.castratinn is‘nqt suffjcient for the expression_
of the higher values ‘of these parameters as seen in the female
gheup. Inlterms of the identity of the putative factor,
testosterone is one pbgsibi]ity. ‘It‘s‘known‘anabo1ie actions may
act to mask any'ekisting impaitment in motornetironal function. |
Also, Breed]ove & Arnold- (1983) have-recent]y shown that, .
lmotorneurons of the rat: 1umbar req1on show a sex d1fference in-

the accumulation of testosterone Most ma]e motorneurons read11y

_.accumu1ate the. stero1ﬁ wh11e very few fema]e motor--

" neurons were found to accumulate testosterone. It may be'thatlin

fact female motorneurons are not even capable of- respond1ng to’

S

-o--.—-

the stero1d Thus "rep]acement therapy” in femaTe mice would be

- expected to have T1tt1e if any effect, while in male castrates,

z
ame11orat1on of the impairment should ensue if testosterone is

the reSponsib1e factor:1 Such experiments are currently.- underway.
I mentioned previoaeTy that there was a sex ditference in

reinnervatiOﬂ" Indeed the numb% of motor umts to re1nnervated
2 females was s1gn1f1cant1v less than that of the male

group Also there was funct1ona1 denervat1on thus suggestinq

' that the éxisting motorneuron pOPulat10ﬁ was not able to- capture_

the’ denervated f1bers. This evidence clearly supports a neuraT
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* jnvolvement whose full manifestations dre not apparent fn-ai]

LI

animals. )
Is there any feature of the disedee that'is.cdnmon torboth‘
nale,and female? There elearly is no doubt that Male mfce are.
affected by the disease. Th1sL;s borne out in the histologica)
prof11e of dystrophic ma1e SOL wh1ch is 1nd1st1ngu1shab1e from

that of the female. A]so the reduct10n of norma11sed tetan1c

tens1on of the o]der dy?lJ group versus the o1der C57 qroup shqws‘:

» no sex dependence. It would seeg then that the under1y1nq o
‘factors in the decreased normalised tens1on are real
manifestation.of the disease that are either secnndary to a
primary neura] defect (Doss1b1y-troph1c;1n or1q1n) or’ prjmary
'.d1sturbances devo1d of any neura1 influence.

, ] .
Nonethe]ess, the 1ntr1ns1c qtrength of dsz,SOL appears to

be reduced; If one looks at the average absolute motor unit

sizes | ) Po {ind) - ) //

( “number of motor units or motor neurons ) v

a reduct1on in young dyzJ vs control musc1es is*'seen (1. Offg/un1t
,CS;\vs 0. 58«g/un1t dv2 ). Ovalle et al. (1983) showed that in 7
wlg'dy2J mou5e,Athe number of muscle fibers was approxamaTe1y 750
while‘1n the"contro1 C57 mouse there were routhy ‘890 fibers,
Parry & Pars1ow (1981) a]so showed a 16% reduction in fiber

gnumber of 3 wk dy SOL!" The expected percentage drop in “Egnswn

~shoud thus be approximately, 16% from 1.07 g/un1t + 0 90 qlun1t.

assum1ng there is-no difference in fxber size and 1ntrinsic

. &
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2J' In fact a 54% decrease is

strength between C57's and. dy
nqted. As no difference in average fiber cross-sectional area
(CSA) was foind in young animals this would suggest that an
intrinsic defect in force pro&uction exists. in'the o1der group
| it is not possible to make a s1m11ar ana1y51s ATthough there is
a reduction f;nm 850‘f1bers in control S0L to 550 in the
dystroph1cs (Ovalle et al. 1983), the variable f1ber size makes
, 1t difficult to accurately estimate the actual drop in CSA due tg,
| muscle bulk. . ' S
:'; A better approach would involve measuring the actua] CSA 's:-

occup1ed by muscle f1ber and then exﬂ/ess1ng Po in e_normal1sed
2

.

Ty . .
It 1s rather odd however that no drop in norma11zed tetan1c

fashion i.e. Force/mm
EEn51on was seen between old C57 and old dy23 SOL (Table IV)
This would seem to suggest that no d1fference in 1ntrinsic-
sfrength exists between dystrophic and control an1mals ’As
‘ preV1ogsly.ment1oned, Bressler et al. (1983) noted qua11tatrve1y
similar reeults'in older dystrophiclm1ce. Nonethe1ess it remains
-obscure why‘the intrinsic defect in force generationh;e not -;
‘apparent in the older mice. »ﬁErhaps the observed slq!er rate of

* B
decay of the active state as observed by Sabbadini and Baskin

(1976) may be a contr1buting factor Thus,-the contractile

. apparatus would Me for a longer period of time, and this
2" dﬂy allow for gr nSion production 0f interest yﬁ‘fﬁ1s

regard is that the older dy2j group shows a tendency for lonaer

[ . .
Lond
.

pe



)

hantnt ) . 3
- | 80.
. 1/2RT"s, it waufd hﬁve been of considerable va1ue.to have
‘ measured half Eise~and deca}‘times of the tetanus. . HA/{(——\\\‘
As this intrinsic myqéen%cfgéfect is appa}ent at the young
d ',.agg where neuronal %mpairméﬁt was aiso shown, it is not posgibTe
. L_td estab]ish"a.cqusa1itya To this:regard, it might be .
"_-instructivs to conduct motor Unit'gxperiments on very youyng
-(nerFrn-?) animals to see if thisfiension deficit exists, .
' Td cpnc1ude, the-rgéulés eg;this thesis are sﬁpportive of .
i bdthiheural.énd musculah‘involvement in the gyZJ model of
:fdystrosﬁy howevef the fempéral;order is not cjear; -
.?f . . . .
. ] j - -“<7 ~:qp;'
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FIGURES AND TABLES . . . T .

In a11-cases the values presented are means = Standard
deviation with the value n in brackets. '

.'fhe following designations are used to denote significance:

a: significantly difTerent From unoperated muscie p € .00

b: significant1y-differeat from unoperated muscle p £ .01

c:- significantly different from unoperated muscle p < .05

Young animals were denervated at 3 weeks of ag2 + 2 days, and

were examined one month later.

01d animals were denervated at 6 months of age + 1 week, and

were examined cne month-later.. - - o
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. TABLE II -

- r

Wet Weights of Unoperated & Reirnervated Solei frem Young

and 01d C57 and dy2j Mice., PN
mg S

e o | -

_ . - Unoperated ;‘ © Reinnervated
Young €57 E o o 7.58 & 1l32‘T6) o o 5,15 + 2.12(6)c
01d c57. | |  ;- ©10.58 * .76 (7)1 RIS | '6.80 £ 1.05(7)a
Young dy2j T 6.72 + 1.54 (6) o . 437+ 1.2906)c
01d dy2 L0 A EL03(10) o . 351s 1130100

o TABLE 11T |
Ratio .of the Cross-Sectignal Aréaﬁ (CSA) of type I fibers
_to Total Muscle CSA of Unoperated' & Reinnervated C57 Solei

TYPE T {CSA)
TOTAL (CSA) . ——

, N 7 " 'C57 Unoperated - ¢ ,f. cs7 Re{nnerfate
Young Grovp - .4 2.0708) 73 en0s(s)a
" 01d Group | o Csde0as) T a0 oa(4)a
* A S |
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e TASLE TV
Absolute and Normalised Twitch and Tetanic Tensions Obtained by Direct
Stimulation of Unoperated and Reinnervated Solei from
Contro] and Dystroph1c Mice

Twitch. Tensijon

g/mg wet wt.

-9
Unoperated . Reinnervated Unoperated Reinnervated
Young C57 2.74 = .67(6) . 1,25 = .65(6)b .36 + [06(6) .23 £ .07(6)b
01d €57 . 2.62 = .64(7) 1.60 = .90(7)c : .25 *,05(7) .23 = ,11(7)
Young dy2j 1.08 & ,g3(6)* 0.50 = .18(6)b* 16 = ,08(6)+ .12 = .05(6)
01d dy2§  1.47 = 81{10)*, 1,10 = .57(10} ~ -.28 + 11(19) .36 = ,22{10)
Tetanic Tension
. [+] : g/mg wet wt. .
- Unoperated Reinnervated = . Unoperated Reinnervafed
Young C57 22,47 = 5.51(6) 13,19 +77.89(6)c 2.93 = y 2.37 #.58(%)
01d C57 23.16 = 2.39(7) 12.50 = 4,83(7)a 2.20 = .17(7) 1.82 + ,58(7)
Young dy2j 12.26 % 3.53(6)* 7.29 £ 2,09(6)c 1.81 = ,37(6)* 1.68 = .26(6)
01d dy2j 9.80 = 3.09(10)* 5 32 £ 4,71(10)c  1.94 : .27(10) 1.44 +,51(10})c
: N
*; S1gn1f1cant1y ]ouer than either young or 01d €57
+: Significently lower than young €57
. TABLE V
Twitch: Tetanus Ratio's for Uncperated and
Reinnervated Sclei of €57 and dy2j Mice
Unoperated . Peinnervated
‘Young €57 | 12 = .02 (6) .10 .03 (6)
01d €57 D A1+ .02 (7) | .Iﬁ;f .05 (7)
Young dy2j . +09 .01 (6) | .07/+ .02 (5)
01d dy2j - 14 5 .08 (10) .24 = .08 (10)*b

*: Significantly higher than young dy2j reinnervate p .00l




TABLE VI o 103.

Twitch Times to Peak Jension {TTP) and Half- Ralaxatuoﬁ'(iRT) from Unoperated
and Reinnervated Solei of Young and 01d C57 and dy2j Mice

TTP (msec). } RT {msec)
Udogerated. - Reinnervated Unonerated Reinnervated

Young C57 13.67

3.67 + 0.52(6) 16.50 & 1.05(6)a -- ---
01d C57 13.86 + 1.21(7) 19.29 + 1 80(7)a 15.43 = 2.30(7) 20" + 4.58(7)c
Young dy2j 14.50 + 0.84(6) 14.17 = 1.47(6) 17.00 = .63(6) 16.58 = 1.11(6)
01d dy2j ~ 16.30 + 3.68{10) 21.50 & 4.58(10)c 19.70 = 4.83(10)29.00 + 8.33(10)b

a: Significantly higher than young dy2j unoperated and
reinnrervated and unoperated old C57 p ( .05,

TABLE VII

Functional Innervation Ratio (FIR) and Reinnervation Ratfo (RIR) of Young
“and 01d Control (C57) and Dystrophic (dy2j) MICE

| FIR | . RR
Unoperated Reinnervated - )
Young C57 0.98 + ,03(6) 0.85 + .16(6) 0.86 = .16(6) .
01d C57 0.99 = .02(7) 0.98 = ,03(7) 0.98 = .04(7)
Young dy2j 0.98 .+ .04(6) 0.93 + .06(6) 0.95 = .05(6)
01d dy2j <0.94 = .05(10) = - 0.53 = .37(10)b* 0.58 = 38(10)*

*Significantly different from both young dy&j and old CS? p ( .05

TABLE VIII

HRP Retrograde Labelling of MotOrneurors in Solei of Voung C:?
. and «dy2j Unoperated and:-Reinnervated Muscles

Murbar, of Hotorncurons

Control _ Pninnervatgd

¢57 21.4 + 1.1(5) '. 21.6 ¢ 0.8(5)
| - 18-20 . 20 -23
dy2i © 2.8 :1.0(5), 17,2 £ 2.7(5)¢
‘ : " 20 - 25 - 3 -724 -
+ - N

.A:_'nuwbgrsrbelow'the mzan = SD represent the raﬁge




_ | : G0* y d sajew woay aduaudyyip JuedLyubls i, :

00°ET  peredise)

+
+1
+1
+

E.:B. T2 J (L)v0" * 61 q(£)0$™¢T ¥ £6°9€ (£)82'v ¥ 00°SI  q{L)S2°L % 62°€2  *(L)1L°2

alew

ﬂm.vmo. ¥ 62° (5)20° % 21°  x9(5)62°8 ¥ Ob°bE ()98°2 * 08°22 H(8)20°0 5 00z (5)08°€ 7 0v°BI —

(s)90" ¥ 02 (6)50° F 91" HS)BL'E F09°€2 (S)IS°v # 09°9T  q(S)S6°T ¥ 09781 (s)og~z # 0z°v1 - mamm__mz

?(L1)80° * 9¢° (L1)b0° # 91" B(L1)25°TT ¥ 21°2€ (L1)L0°S ¥ 9£°£T ®©(Z1)89°G +-p2°22 (L1)S9°€ 7 p6°yT -dnoag ajouy

pajeAdauulay pajedadoup pajeAlauulay _ pajedadouy pajeadauutay patesadoun . )
SNue3dL/UYdFLM] S]] ) dll ’

. -
.
.,

. ' oLy [z4Ap vmumLHWmu aley pue *aleway “‘a|ey yjuow g ‘
Wouj tajog pajeAssuulay pue pajesadouy] jO OLiey Snue3al :ydjLMp pue “p1yf 4il

-

(X) 374y , ¢

[l
- . . ~a ¢

- ~

\_.... | . 10° >.d sajew wouy juauszilp A|Jued)iubis, : o

<! . «(L)b2° 7 9v . . e(L)pe" F oy ()61 + g8*. sajeaysey ajey -
S : x(5)e2" 7 82° e{5)p2" ¥ G62° (§)40° # 16~ = sojeudd
: (s)et” 7 68" (s)v1° # 98"~ (5)£0" * (6" . saley
(Z1)€€: # €5 e(L1)eE’ * 6" (£1)€1° 7 260  dnoag 3joyy
- pajeAdauutay _ pajeJadoup
14 : 14 .

- -
. -

0Ly £24p pajeaisey afey pue ‘ateunay ‘apey
yjuom g wosj (2|05 pajeadauulay g pajesadoun 40 Yiy pue yi4

| , X1 378vL



105.

+ Fig. 1
a H & E of a control SOL of a one month old mouse

A - note absence of centronucleation

b top: H&E of a dy2j SOL taken from a one month old mouse
bottom: same as top except mouse was 6 months old

- arrows'boint to centronucleation (CN) and connective
tissue (CT)

« H: hypertrophied fibers
.~ A: atrophic fibers

\
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- | Fig. 1a
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. Fig. 1b~
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_ Fig.y2
Myofibrillar ATPase (10.4) of an unrvperated and reinnervated
€57 saleus. _ : _

- TTP is indicated at upper right hand

- refer also to Table II] . a

- drawn line demarcates SOL from anterior tibialis muscle - -
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'é? old reinnervate 1 month post denervation

a
b

c

110. PR /

Fig. 3 . >
anti - I myosin immunchistochemistry

myofibril]&r ATPase 4.5

anti - II myosin immunohistochemistry

C57 old reinnervate, 2 months post denervation

d l.

e

-

A
anti - I myosin immunchistochemistry

"

anti - 11 myosin immunohistochemistry

black dots indicate dark stainino fibers where co-existence
of myosins is found

triangles indicate intermediate staining fibers where
co-existence of myosins is found

I: dintermediate staining fibers showing co-existence of
myosins :
L]

L: Tlight staining fibers showing co-existence of mvosins

arrow points to gmuscle spindle and is intended as a landmark
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113. h | o
e Fig. 4a

Immunohistochemical staining for anti typé I (be]ow); type II
{opposite top), and type IIb (opposite bottom) myosins of old dy2j..

- numbers: fibers that are pure type I
- a : fibers that contain type Ila and Ilb myosin

- . @ : fibers that contain type I and Ila myosin

- B : fibers that contain all 3 mveésin types
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115.
Fig. 4b .

Immunohistochemical staining for anti-type I (below), type 38

(opposite top), and type IIb (opposite bottom) myosins of old dy2j
re1nnervate. ) . '

- num indicate fibers that contain all 3 myosins. .
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Fig.4b
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- Fig. 5

The re]at1onsh1p between t1me to peak tension and motor un1t s1ze
of units isolated by ventraliroot sp11tt1nga1n unoperafed and
re1nn°rvated €57 So1eus.
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. - Pt
. Fig. 6

Motor unit size / frequency histogram of same units as in Fig. 5.

Frequency is expressed as a proportion of the total units.
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Figure .7 ' . 12,

" Twitch and Tetanus Elicited Directly {DIR) and
Indirectly (IND) on Unoperated and Reinnervated
SOL of Castrated Male dy2j Mouse

* lﬁwitch
" UNOPERATED.

.o R tetanus

T 0y ey
-

“{'(

twitch

b,
~ REINNERVATED

n'J

>
¥
F

LIS I RTTENLYS

tetanus
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APPENDIX 1

Protocol for Immunohistochemistry with Monoclonal Antibodies

Phosphate Buffered Saline (PBS): Mix 25mM K,HPO, and 25mM KH PO,
to pH 7.4. Add NaCl to final

3 3D1am1nobenz1d1ne (DAP}/0.03% HZO

1)
2)

*3)

4)
5)
6)

7)
&)

9
10
11)

12)
13)
14)
15)
16)

concentration of 0. 9% w/v
Add 10 mg DAB to 10 mis.
a 0.03% aqueous so1ut1on of H202

2°

PBS rinse: 3 X Imin., then 1 X 5 min.
Let cover stips dry.

Add drops of primary antibody (diluted 1:40 with 1% Bovine

™~

Serum Albumin in PBS) over sections and incubate in moist

chamber for 16-18 hours at room temperature.

PBS rinse: 3 X 30 sec., then 1 X 10min.

Let cover slips dr§ "

a

Add drops of secondary ant1body (rabbit anti-mouse IgG)

diluted as above.

JIncubate at 37°C for 1 hr. in moist chamber.

Repeat #4
epeat #6 using Perox1dase;Ant1 Perox1dase
Repeat #4 N

Incubate in DAB/HZO2 for 5 mins. (DAB/HéOz must be prepared

just prior to use)

Tap water wash: 10 mins.

95% Ethanol: 2 X lmin.

99% Ethanol: 2 X Imin.

Xylene: 2 X 2min.

Mount on slides with Permount (Fisher)

* Three primary antibodies were used:

1) anti-typel myosin (BF-46)
2) anti-typellb myosin {BF-F3)
3) anti-typella & 1yb myosin {BF-34)
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