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LIS% OF ABBREVIATIONS

2

C57- normal strain of black mouse (C57BL/6J)
dy2j- - dystrophic strain of the black mouse (C57BL/6J dy2j/dy2j)
dy/dy- dystrophic strain of .the ReJ 129 mouse

Red 129- a normal strain of mouse

ﬁDNF-' brain dcriﬁed neurotrophic factor

CG- . ciliary panglion |

CN- central nucleation -

CT- connective tissue

CTA- control (normal) tibialis anteriorumuscle
DMD - Ducﬁenne muscular dystrophy

EDL- extensor digitorum longus

FCU- flexor carpi ulnaris

FDL- flexor digitorum longus

FIR- functional innérvation ratio

ION- isthmo-optic nucleus (j,h

HRP- horseradish peroxidase

1G- Limb-girdle muscular - dystrophy

LMN- lumbar meotoneurons

MD- Muscular dystrophy

MHC- myosin heavy chain

NCAM- neural cell adhesion molecule

NGF- Nerve Growth Factor ‘ -
PD- ; partial denervation

PD/PE—fj partial denervation with par;ial extirpation of TA
SMH- Sick Motorneurone Hypothesis.

TA- tiblalis anterior
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ABSTRACT .

Reinnervation of the tibialis gnterior {TA) muscle wng'examined in
"both dystrophic (dy2]) and pontFoI (C37) mice’ Eolloging partial

.denervatioﬁ. Partial denervation allows the possibility of examiniug the

ability of axons to sprout collaterals and capture denervated muscle

fibers; resulting in an increase in motor unit -=size. This has been
previously documented in the normal animal but has yet to be reported in

4
the dystrophic animal.

Attenlpts were ma@e to determine motor unit ..slzes ‘both
physiologically and morphélogically follo@ing partial denervation., There
was little success with the physiological recording measurcment of mutp;

unit size. Morphologically, mean motor unit.size can be quantified by the
. . -
total number of innervated muscle fibers in TA divided by the number of
alpha wmotoneurons supplying cthe  TA. ngever,' ﬁroblc&s arose when
determining this c;lculation. A unimodal dist?ibution of the motoneuron
sizes limited an accurate deCerminacion‘pf the number of alpha motoneurons
f;;;:;h:;:FE“waixpo clear separation of the small {(presumed gamma) and
large (presumed alpha2 motoneurons., The number of innervated muscle fibers
could not be  accurately calculated 95 well since there was no clear
differentiation of the denervated and innervated muscle flbers. These two
factors limited any accurate assessment of the sprout_ing, ability of the
motor nerves in dystrophic mice. .
Experiments were performed to determine if selecrive re{nnervation

occurs following partial denervation using immunohistochemistry with

antibodies to myosin heavy chains (i.e. different muscle fiber types).



There was little evidence of !cype-gfouping'>§resent in the TA following

N oo

rqcovery.- This :hay\ indicate - that the partial denervation wgre not

. Vo

extenslve enough to,produce clear type-grouping.as seen followiﬁ%.nefve
section, )

. b
, Using intramuscular injection of horseradish peéroxidase,, the

. number and siZes of motoneurons supplying the tibialis anterior were

examined in both* normal (C57) and dystrophic (dy2j) mice. Af;ar/parcial

denervation, there was a significant decrease (p=<0.05) in the number of
L]

-

motoneurons supplying the tibialis anterior (TA). This was accompanied by
. ) N

. a significant (p<0.05) increase in the mean cross-sectional area of these

motoneurons when compared to the control (unoperated) side. In 12 G57

,mi?p; there was ‘a—mean—of- 14016 TA motoneurons  with a mean cross-

sectional soma area of 245t19pm2; With partial denervation, the TA
motoneuron supply was signifiéantiy reduced (p=0.05) to a mean of 82%10
motoneurons with a significant increase (p<0.05) in the mean soma area to
299i16pm2..1n 12 dy2j mice, the control TA had a mean of 11213 mqtoneurons
with a mean soma area of 235%18um?, With partial denervation, this was
signiffgancly reduced 'to 60%5 motoneurons with a mean soma area 'of
292x18um? on tpe opérated side. It ?5 possible that the increased cross-
sectional area\ﬁﬁ§“be;gfsociated with the increased motor unit size known

. N
N\
to occur with partial denervation, In an attempt to prevent this increase,

experiments were perfo;ﬁed involving partial denervation accompanied by
partial extirpation (PD>R%) of TA. Following recovery, “in 12 C57 mice,

there was a mean of 14244 TA motoneurons with a mean soma area of

251%15um? on the control side. With PD/PE, this number was significantly



-G
! .

! ) . -
redug%d (p=0.05) to 6615 TA motoneurons. However khere was no significant
: - ' . . ’

b
Tr

change (p20.05) {p‘the.mean soma area on the operated side. With partial

denervation accompanied by partial extirpation, the mean soma cross-

sectional area was 2S6ti9pm2. In 12 dy2j mage, there was 5 mean of 11412
\TA~motoneurqps with “a mean soma area of 25716um? on the control side.
With PD/PE, the TA mqténeuron pool was significantly veduced (ps0.05) to

55+4 motoneurons with no significant change (p20.05) in medh somararca

(247t11pm?) on the operated side,

The results suggest that there is a direct relationship between

motoneuron area and the size of the peripheral field.

-

’



INTRODUCTION

1)RATTONALE FOR THE STUDY

* - A

‘}.
a)Historical Perspective- Human Muscular Dystrophy

_ The etiology of the muscular dystrophies has been under extensive

investigation in the past regarding a myogenic or neurogenic origin of cthe

disease, The muscular dystrophies-zﬁz‘a group of genetically inherited

disease characterized by the progressive degeneration-of’muscle fibers. In
the eafly stages oé the disease, épontaneous degeneration ;f the muscle

fibers occurs accompanied by the regeneration of new muscle fibers.

However, as the afflicted individual ages and the disease progressés, the

capability of the muscle to regenerate is greatly redﬁced. Dystrophic

muscles will slowly deteriorate and the so-called symptoms of ‘“muscle

wasting" occur. This has been obsefvéd in muscle biopsies of ﬁatients-
afflicted with Duchenne muscular dystrophy (Mastaglia and Kakulas 1969)

and in dystrophic mice of both thg dy2j strain (Montgomery and Swenarchuk .
1978; Parry and Parslow 1981l) and the dy/dy strain (MichelsonTet.ai. 1955;
- Rowe and Goldspink 1969). -

When muscular dystrophy was first described by Meryon (1852), it
was described as a purely myopathic disease./peryon, a physician, reported
his clinical observations of hfs\\brothers afflicted with muscular
‘dystrophy. The diseasé was described as being hereditary, affecting
predominantly Qales with no signs of neural abnormality upon post-mortem

evaluation. Several years later, Duchenne {1861) described the syﬁptoms of

_the diseasé that bears his name.



~ The histopathologipal descYyiption of djstrophy by Erb in’ 1883,
. ‘wA; so cléar that it is still releyant to date. Although the disease was

still described as a myopathy, there was evidence for some sort of neural

involvement since there was a selectivity of the muscles afflicted by the

disease.

.

It was many years later that the pure myopathic basis of this

disease came into question. McComas et al., (1971lc) developed the Sick
- .
Motorneurone Hypothesis which described several peripheral nervous system

disorders as primary neuropathies as opposed to primary myeopathies. They

stated that muscular dystrophy and other related diseases typically

. characterized by muscle wasting or weaknees were not a primary disorder of

the muscle but rather a problem of a dysfunctiocnal, or ’'sick’ motoneuron,

4

resulting in a loss of motor units,

/& definition of the motor unit would be appr;priate at this time,
Sherxfington (1925) first hqgfined the motor daii\as:an alpha motoneuron
along with -its motor axon and all the muscle fibers that this axon
jnnervates. In the Sick Motorneurone  Hypothesis, the alﬁha motoneuron
ould potentially exist in three distinct states. These are 'healthy’,
‘dead’ and 'sick’. In the ‘healthy’’ sfate, the motoneuron has normal
functioning connections with the muscle. In states such as partial
denervation, w%bre the nervous input supﬁlying a muscle Is reduced, the
remaining normal motoneurons can respond by sprouting collatcrals from
their motor axons. The collateral branches can then establish successful

synaptic connections with the now denervated muscle fibers resulting in

. 1
an increase in motor unit size. Motoneurons in the ‘dead’' state no longer



. { -

have any influence on the muscle fibers théy originally innervated. The
third st;te in which a motomeuron céuid potentially exist Qas called the
'sick’ state. When motoneurons are 'sick’, they are not éapable of
tranémitting a signal across .the neuromuscular junction.‘ AldﬁBugh .they

maintain some ‘degree of trophic control of the muscle fibers within their

\

own motor unit, the 'sick’ motoneurons lack the ability to increase their
' A
motor unit size through axonal sprouting. In later studies (McComas et al.

1975), 1t was suggested that muscle fibers innervated by ‘sick’
L

motoneurons would not be eligible for inmervation by anyAsurviving healthy

motoneurons. This would continue for as long as some axoplasmic transport

. . ]
occurred from the ’'sick’ motoneuron.

¥ 1

McComas et al. reasoned that if these diseases were of myopathic

v

origin and ;ffected the muscle fibers in a random fashion, then one would
predict that all motor units in the muscle pool would show signs of the
disease. In the early stages of the d:i.sease,a there should still be ;'
nermal number of motor units in diseased muscle but their mean size would
be reduced. As the disease lprogressed, since more muscle fibérs would
degenerate, motor unit sizes would decrease until evéntually some motor
units would lose all -their muscle fibers or become so small they could not
be detected. The number of functioning motor units would now be decreased
with the mean size of the remaining motor units decreasing as well.
However, 1f these diseases were peripheral nervous system
disorders, motor axons would ﬁegenerate. As thé disease progressed, the

number of motor units would decrease .in accordance with the loss of motor

axons. The decrease in the number of motor axons should be accompanied by
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an %ncrease in motor ﬁnit Msize of the remaining motor axons Fhrough
collateral éprouting (as seen in various Motoneuron Diseaées). ‘

The evidence tbat McComas et al, (1971c) obtéined Efém patients
afflicted with muscular dystrophy, did not reflegt either of the two above
situations., 'Using eleétrophysiological recordings, they were able to

estimate the numbers and sizes of functioning motor units in a musele.

With this method, McComas et al. reported losses of functioning motor

units in muscles from the dystrophic patients when compared’yigh the

normal subjects. The sizes of the remaining functioning motor units were

identical or slightly lower than the 'sizes from normal muscle.
bonsequently. McComas and co-workers proposed the first neural hypothesis
of muscular dystrophy whereby three states of the motoneuron existed as
described above and accounted for the disease manifestations. With thls
hypothesis, the obéervations,of reduced numbers of motor units cauld be
explained by dead motoneurons: The remaining units would then exigt n
either the healthf or sick state. Since there were los;es of units with” no
increase in motor unit size, the results ihdicated that the surviving
axons could not sprout and captufe the denervated muscle fibers suggesting
that these motomeurons belonged to the ’sick’ category.

In later studies on patients with muscular dystrophy, McComas
(1977) found additional evidence of neural abanmalicies'associated with
the disease, When a stimulus was applied to the muscle,la contractlon was
recorded. However, when the stimulus was applied indirectly via the nérve,

the muscle fibers failed to respond. McComas referred to this state as

"functional denervation". Muscle -.fibers in this state, still obtain



—1

sufflcient trophic influence from their axon (as  opposed to completely
denervated nmuscle fib;fs) . but’ they  are &ﬁab}e to m?intain an -
elecﬁrophysiologically efficient  synapse. Thus! ‘the presence of
functionally denervated muscle fibers adds to a.ﬁeural bgsis or at least a

. neural abnormality in human muscular dystrophy.

b)Murine Muscular Dvstrophy

\ Research efforts concerning the etiology "of muscular dystrophy
were at a clear disadvantage before the discovery of an experimental
animal model. One of the laboratory animals that has proven to be a good
model of a genetic type of dystrophy is the mousé. In 1955, Michelson et
al. observed a genetic form of dystrophy in the ReJ 12é strain of mqgsaﬁ
This dy/dy form ofﬂﬁystrophy affected the mice so severely that they had a
very short 1life span and could not reproduce thus providing some
~ disadvantages when trying to maintain an acti¥e colony. This problem was
alleviated in 1970 by Meir aﬁd South;rd when they found a genetic type of
dystrophy in the CS7BL strain of mouse known as thé dy2j/dy2j dystrophic
mouse. These genetically dystrophic mic; which are less severely affected
and are able to breed, have been ;sed extensively to provide information
necessary to try and solve the problems of human dystrophy.
The first report of neural abnormalities in murine dystrophy vas
by McComas q&g Mrozek (1967). With intracellular electrodes, recordings
were made fr:m the tiblalis anterior and gastrocnemiué muscles of the

dy/dy dystrophic mouse. When stimulationhﬁaS'applied indirectly, via the.

‘ - . ; /
nerve, some of the muscle fibers failed to produce an action potential.



However, wheh sﬁimula;ion was‘applied directly to EheEe'muscle fibers,
action‘pdténtials,were produced. They_concludéd that thes?jmu;cle fibors
were denervated sincé neuromuécular‘ transmiséién: was absent in these.
ﬁﬁscie fibers. McComaé and ﬁrozek (1967) suggested thAt the presence of™
the "functionallyr denervated’ muscle fibers could be a mﬁjbr factor
v contributing to the muscle weakness typiéally seen in muscle’ of the
dystrophic mouse. This finding was )| later confirmed by Law and  Atwood
(1972y. g : - Vg
A neural compoﬁentuto the etiology of murine muscular dystrophy
“was also reported when functional denervation of dystrophic muscle fibers
was shown by Law et al, (1976) and Parry (1977). Iﬁ the latﬁer study,
Parfy determined the Functional Innervation Ratie (FIR) of both the slow-
twitch soleus and the fast-twitch extensor digitorum iongus (EDLj muscles

of normal (C57) andﬁdystrophic-(dy2j) mice of various ages. The FIR was

measured as follows: '

maximum twitch tension from nerve stimulation (indirect) ‘ 100

maximum twitch tension from muscle stimulation (direct)

3.

~

A decrease in the FIR was fgund in the EDL and soleus muscles of the dy2]
mice older than ten weeks. However, clear signs of the dystrophy are seen
in these mice several weeks. earlier. Parry concluééd that the study
supported the presence of a neural abnormality associated with the disease

but that this may be secondary to a primary myopathy.

With the suggestion that functional denervation was important in

i



che‘ bachogenesis"df _murine muscular dystrqphy, Harris and Ribchester
(1978, 19795 examine¢{the EDL muscle of normal (ReJ 1é9) and.dyssrophtc
(dy/dy). mice. Physiological recordings were pqrfofﬁed to detefmine if
neuromuscﬁlarl transmission was present in these muscles. This was
accpmpanied by ingracéllular staining of the muscle fibers being
stimulated. They found that of 24 muscle fibers of thé dysgrophic éouse in
which n?Eromﬁscular transmi;sion oJﬁered, 19 displayed morphdiogia;
abnormalities upon microscopic visgalization} They concluded that a
peripheral block of neuromuscular transmissioq, as in 'functional
denervation’, could not be’ the cause 6é the pthological state of the
muscle fibers in murine dystrophy.

-ﬁlthough these discfepancies _in the results may be partly
attributable to strain differences in the mice (dy/dy vefsus dy2j/dy2i),
the main reason for these differences has yet to be answered,

" Parry and Melenchuk (1981) evaluated the reinnervation process
in both fast twitch'(EDL) and slow twitch (soleus) muscles of control
(C57) and dystrophic (dy2j) mice at wvarious periods folloﬁing nerve
section. In the €57 mice, full recovery was observed within six weeks,
whereas, in the dystrophic mice, recovery was somewhat impaired. Rates of
reinner#ation were reduced in both young and old dystrophic mice when
compared to age-matched control micex In the older dystrophic mice,
recovery from nerve section was still incomplete even twelve weeks after
nerve section while in the young dy2j mice, recover& seemed to be almost

complete at six weeks. Although from these results one cannot show direct

proof of a neurogenic origin of murine--dystrophy, Parry and Melenchuk
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J} |
{1981) conclhded.chat the reinnerv;tion process is impaired in dy2} mice.
The problem in interpreting these results is ﬁhat the study did not
cbntain any measurement of 'ﬁotor unit sizes, Thus.‘ any similavities
.Eetween mu;ine dystrophy and the sicaatlon described By the. Siek
Motofﬁeurone Hypothesis (McComas et al. 1971C) in human muscular dystrophy

could not be conclusive.

Desypris (1986) performed a similar series of experimonts and

measured motor unit numbers and sizes. Following soleus nerve section at

-
. .

4
six months of age, motor units were measured physiologically, by ventral
root splitting in both dy2j and €57 mice. In C57 mice, there was complete

reinnervation of. the soleus one month after surgery with the number of

motor ynits restored to control levelk. However, in the dy2j mice this was

not so; a reduced number of motor units was observed in the operated
soleus muscle. Thus, at least a partial explanation for the impaired
reinnnervation reported previously by Parry and Melenchuk (1981) may be

.found in the reduced number of axons that are able to grow back and
<

reinnervate the muscle.

Interpretation of these results requires some - attention, The

impaired  reinnervation observed in the dy2j mouse may be simply due to
1
factors such as the formation of a neuroma in the path of the axon that

“blocked further successful nerve regeneration (Scott 1986) and may not

reflect an impaired relationship between the nerve and the muscle fibers.

i

Therefore, to further examine the impaired reimnnervation associated with

muscular dystrophy, a techniqde such as partial denervation might be more

informative, Partial denervation experiments, in which part of the nerve

11
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-§upp1y is interpapted, allows the pOSSibility‘of“gxamining the ability of
nerve AXONS to sprout énd cahturé denervated muscle fibe;s thereby
increasing their own motor uni; size: An increase. in motor.unit“sizg'
under these conditiéns has been shown to occur in the normai mouse (Brown
and Ironton 1978) bu; has yetato be examined in the dystfophic mouse. This
technique p;pvides _some advantages for regeneration studies over nerve
crush or-nervé section since it eliminates the édd;tional obstacles faced
by the‘axon fn trying to regain its peripheral field connections. With
- »

partial denervation, redirection of axon growth across a-lesi does not
create a problem’since the intact motor axons are already "on sige".

.

2)}PARTIAL DENERVATION

a)Collateral Sprouting

Since it was firgt observed ané recordedlby Van Harrgveld (1945),
collateral sprouting in partiallyldenervated muscle has’bee: extensively
§tudied. Collateral sprouting has been élso'noted in many other tissuel
such as brain (Raisman 1969, Lynéh et al. 1977, and Morse et al. 198Q),
spinal cord (Goldberger 1972, Murray and Goldberger 1974), sympathetic
ganglia (Murray and Thompson 1957) and skin (Weddell et al. 1941).
Followin&)partial denervation, a definite,pattern has been described by
Edds (1953) and later b§ Brown (1984). Immediately after partiaf
denervation, the  isometric tension produced by the affected muscle
decreases which is directly due to the loss of motor axons. Within a few

days, fine outgrowths emerge from both the nodes o%} Ranvier (nedal

sprouting) and the motor nerve terminals (terminal sprouting) of the

-1
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remaining intact moéor asdps. Growth of these sprouts is dl;ected towards
the  denervated endplates. The sprouts that form proper neuromuscular
junctions with the d nervated muscle fiﬁérs will become myelinated and the
rest. of che sprduts will disappear. When complete reLnnervé;lon has
~occurred, since omne hotoneuron innervates an inecreased number of mﬁsélc'
fibers,'motor uﬁit size Increased, Csmpleté reinnervation by collateval
sproutiﬁg has been noted to occur within two weeks of partial deﬁervntlon

i

(Guth et al, 1980).

The response of motor axons to partial denervation was first

documented in the early 1950s by Heffman (1950) and Edds (1933). Motof

axons can sprout in response to several conditions. Terminal sprouts

arise from the intact nerve terminal and occur primdrily when transmission
of the' neural signal is blocked or reduced such as in paralysis, botulinum

toxin and partial degervaﬁion (Guth et al. 1980, Brown 1984). Terminal
g
sprouts are further classified into preterminal and ultraterminal sprouts

the former arising from the unmyelinated axons proximal to the nerve
terminal and the latter from a part of an existing terminal (Barker and Ip

1966). Often, as in this thesis, the ultraterminal and preterminal sprouts

-~

are grouped together and_galled terminal sprouts. f//
rom the

v

As previously stated, sprouts may arise intramuscular

nodes of Ranvier of the intact motog axons and afe termed nodal sprouts.
Nodal sprouts occur only in response to partial denervation (Guth et al.

1980, Hopkins and Slack 1980, Brown 1984).

) - /



b)Stinulus for Sprouting

Over the past ten years, many studies have examined the source Qf
£hc stimulus for‘nodal and terminal ;prouting. Pockett and Slack (1982)
were the first to éuggest thqt the stimﬁlus fof terminal sprouting was a
factor produced by the muscle. Gurney et al. (19865 provided cthe mgsc
convineing evidence ~for such a muscle-derived stimulus for terminal
sprouting. They isolated a 56000 dalton muscle-detived protein and
produced monoclonal antibodies against it. When the monoclonal antibodies
against this 'ﬁuscle-derived 'prqtein:_ were ‘applied to the denervated
neuromuscular junction, terminal sprouting was suppressed. Gurney et al.
£1986) concluded thag\{éllowing either partial Qenervaéion or paralysis,
at least part of the stimulus for terminal sprouting must comé from the
muscle.'Terminal.sprouting has also beeﬁ shown to be suppressed by direct
electrical stimulation of the dene;vated or paralysed muscle (Brown and
Holland 1979, Brown et al. 1981b). . ¢

Nodal sprouting is known only tg'occur under conditions of partial
denervation., It is noﬁ suppressed by di;ect electrical sﬁimulation of'the
muscle (Brown et al. 198lb). Therefore, it seems that the molecular
requirements for these two types of sprouting are different. 'Hoffman’
(1950) and later Hopkins and Slack (1981) suggést degeneration of the axon
is necessary to produce a pathway for the mnodal sprout to grow and
therefore may be cthe stimulus for nodal sprouting. Degeneratior; of a

nerve seems necessary since nodal sprouts are present following PD, but

absent in response to paralysis and botulinum toxin poisoning.

14
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c)Motor Unit SizeQ.Foliowing Partial Denefvdtfcg

Past studies ‘suggeSt ch#t ‘following partial denervation, motor
unit territory can increase up to five times. ‘Vnn Hnrrcyeld (1945)
performed partial denervation of the medial sartorius and the quadriceps,

in both hindlimb muscles of the rabbit, by removal of the sixch lumbar

'segment (Le),'which.supplies the;majority of the innervation Ffor bocth

these muscles. After a two month recovery, the motor units of the fifth
lumbar segment (Ls) had expanded their pértphéral field to include the.
muscle fibers originally innervated by Le. The sizes of the motor units in
Ls were shown to have increased on average‘to 4.5 times their normal size.
Similar results have been found with partial denervation of the cat
flexor digitordm longus (FDL) (Westerman 1978, Hatcher 19§S), rat

extensor digitorum longus (EDL) (Guth et al. 1980) and soleus (Thompson

"and Jansen 1977, Gorio et al. 1983) as well as . mouse peroneus tertlus

(Brown and Ironton 1978) where it was also suggested that motor units can
o .

increasé their size up to fives times.

In the study of Hatcher et al. (1985), the relationship between
the extent of denervation and the size of tﬁe sprouted units was examined.
Cat flexor digitorum longus (FDL) mﬁscles were partially denervated by
sectioning one of the two ventral roots responsible for its innervation.’
The contribution of each root to the total motor inpervation of the FDL
was determined prior to the partial denervation so .that the exact

-

percentage of denervation was known in each animal. Following a recovery

;:) period of 100 days, motor unit sizes in the partially denervated FDL were



¥
determined’ using the glycogen depletion qsfhnique (to be explained later).

They gqgﬁg a positive correlation between  the size of the remaining
\ :

sprouted'motor‘units and the percent of denervation of the muscle. This ' (
iﬁdicgteg that the increa;e previously shown: ?n the .motor unit siz;s
following;partial denervagign may not represent the absolute limit to the
extent that a motor ynit can increase. It seems that the number of motor
unlts removeld with partial den;rﬁation is important when the sizes of the
motor units are examined after sprouting has occurred.
_ A fgnccion%}-lima7/to the expansion of an individual motor unit
‘nfﬁer partial den;rvation;has-becn recently shown in a slow twitch muscle.
Lﬁff et al. (1988) examined the cat flexor digftorum lqngus (FDL}, a\fast-
twitch muscle, and tﬁe soleus, a slow-twitch muscle, 100 days éfcer
partial denervation., In the soleus m;scle, with denervations of more than
85%, force production from the muscle began to decline. This decrease
became more apparent as the extent of the original denervation increased
above this 85% value. This decrease in force producti®h was accompanied by
&\—jﬁ’incre;sed number of small-diameter muscle fibers seen in histological
examination of the soleus muscle. These small muscle fibers were presumed
to Be denervated. Luff et al. (1988) suggested that there is a limit to. " J/
the amount a soleus motor unit can sprout. Nonetheless, if only 15% of the
original innervation remains after partial denervation, the motor unit
will still expand its peripheral territory without any apparent atrophic
fibers. Thus according to Luff et al. (1988), theA}imit that the slBg;\\\J
twitech motor unit can increase in size is betw;en six and seven times. In
~ the FDL muscle, although partial dehervations above 85% existed, there was

LAY
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no decline in the force productidn in these units, Thus, conclusions as to

a functional limit of motor unit expansion cannot be made with the FDL

'

motor units.
_ It is worth poting that tﬁe increased ion ébserved in
partially denervated motér ﬁnits could be due;toA:::;::ni: increase 4n the
number of muscle fibers supplied by an individual wmoteneuron or
hypertrophy oﬁ the muscle fibers. Westerman et al. f(1979) found thnf the
increase in tension of such motor units was in part attributable to muscle
fiber hypertrophy. Following parcial éenenyation by ventral root secction,
the FDL and the soleus muscles of cats were examined both physioclogically
and histochemically., In histological sections, there was a significant

increase in the mean diameter of the fibers in the partially denervated

muscle. However, along with the hypertrophy of some of the muscle fibers,

-atrophic fibers were also seen. These results provide some evidence for

the possibility of muscle hypertrophy contributing partly te the recovery
of the muscle following partial denervation. ‘ )

In contrast, both Hatcher et al. (1983) and Luff et af. (1988)
‘measured the cross-sectional areas of the muscle fibers within the
enlarged motor units. Both studies indicaﬁéd that no difference exlsted
between the cr;ss-sectional.areaé of the control muscle fiber pool and the
muscle fibers of the partially denervated muscle. This was true for both
the fast-twitch FDL and slow-twitch soleus muscles. Thus, the motor units
must have .increased in size by increasing the number of muscle fibers
innervated by the motor axon and not by hypertrophy of the muscle fibers.

Both groups also found that thege was no change in either axonal diameter

17
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or conduction velocity with partial denervation. They concluded that
motoneurons can expand their peripheral field and subséquéntly generate
increased tensions  without any change in axonal diameter, conduction

velocity or hypertrophy(é} the muscle fibers.

d)alterations in Muscle Fiber Type Grouping

The definition of a motor unit has been previously noted in the
above sections. Edstrdm and Kugelberg (1968), using the technique of
glycogen depletion, to be.described in detail later in the introductionm,
mapped the area occﬁpied by the {ndividual motor units Qithin the, tibialis
anterior (TA) of the rat. They found thaé the muscle fibers in an
individual motor unit are randomly dfgéyibuted over a large area of the
muscle.” The technique of glycogen depletion provides an advantage over
.others slnce the physiological properties of the motor axon éan be
correlated with the histochemical profile of the muscle fibers within an

»

individual motor unit. ; ' N
1) acute denervation

Since the discovery of the random dispersion of muscle fibers in a
. motor unit, several studies have examinea how this compares with the motor
units of reinnervated muscle. The studies by Karpati and Engel (1968) and
Kugelberg et al, (1970) were the first to show changes in muscle fibe¥
patterns following reinnervation. Motor units in the rat hindlimb were

examined by glycogen depletion following recovery from acute denervation.
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Although the muscle fibers of a given motor unit are normallf scattered

e

over a large area of the muscle, they afethistochemically homogenecous,

However, in a self-reinnervated muscle section, both- Karpati and Engel

‘(1968) and Kugelberg et al. (1970) found the muscle fibers within a motor

unit were grouped into small compact units which they referved to as

pe-grouping.. With type-grouping, each small group of muscle- fibers

w3ll be homogeneous, representing an individual motor unit.

i1) cross-innervation

Cross-innervation experiments involve removal of the original
innervation supplying a muscle and implanting a nerve from a different
muscle. This has been shown to alter the contractile properties of the

muscle (Buller et al. 1960, Robbins et al, 1969, Prewftt and Salafsky

»

1970). The presence of type-grouping might be éxpected since there 1is

complete denervation of the muscle followed by reinnervation. This is very

.similar to the situation of acute denervation except that irnervation now

involves a different nerve supply. Type-grouping has been shown with

cross-inneryation by Romanul and Van Der Meuluen (1967), while the reports
of Prewitt and Salafsky (1970) and Robbins et al. (1969) do not show the

presence of type-grouping as,clearly.

1ii) partial denervation

Previously, two studies have examined the effect of partial

(24

denervation on the muscle fiber distribution. Kugelberg et al. (1970)

examined the TA after partial denervation by ventral root section of



i

either’ the fourth ventral root, L¢, (responsible "for 80% of the
Innervation) or the fifth ventral roqt; Ls, (responsible for 20% of the
inneryation)J"Féllowing 'a five .to six month recovery period, glycogen

.

depletion was .used to examine motor unit groupings in the TA muscle
' . :
sections. When partial denervation was performed by sectioning Ls,
moderate denervation was produced and resuLﬁéd in little change-in the
muscle fiber type pattern.lﬂowéver, when L« was sevaﬁed, only 20% of the
axons reﬁained, and this was associated with the pres;nce of type
grouping throughout most of the muscle,

Narusawa (1985) examined the rat soleus muscle following recovery
from partial denervation. Partial denervation was performed by severiﬁg
one of the nerve branches supplying the solqps mﬁgc}e very close to its
entry point Jinto the mgscle. The surgery attempted to .produce a
denervation in .excess of 30% since with parctial denervation of 30% or
less,llittle change was noted.in the number of muscle fibers and the
nature of the }emaining nerve (Narusawa 198§). Although, «he results

showed that the number of type II muscle fibers was s&gnificantly reduced

after an eight week recovery Efriod, there did not seem to be extensive

]
v
3

evidence of type-grouping in the reinnervated soleus muscle. S

The reason for discrepancy between the results of Kugelberg et al.
{(1870) and the, results of “Narusawa {(1985) has yet to be determined; One
can suggest that it may simply be the extent of denervation that is
responsible for the discrete groups since the type grouping observed by
Kugelbe;g. et al. (1970) was only seen when partial denervation was
performed by sectioning the fourth lumbar root (L¢). Ls was the dominant

£
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root -and wﬁen sectioned, only 20% of the motﬁr uhi;s remained. In a later
reviég. Kugelberg (1981). reported that‘ m?derate partial denervatlons;
fe.g.: sectioniﬁg of a non-dominant root), resulted in a few vary sﬁull
groups of closely'ﬁacked fibers with.reiﬁnervation. Fiber aggrepates will
become 1érger when the extent of‘denervatioﬂ is increased. The results
indicate that in order teo obtain type-érouping, a ;ritical number of-agons
must be removed with partial denervation. Large disfinct fiber groups‘may
only‘ be shown with large denervations and ;Ehese- may be particularly
difficult to achieve when parﬁial denervation is performed by trgnsectloﬁ
of the peripheral nerve as in this thesis'and the work.by Narusawa (1985).
This latte;;author concludéd tha; with moderate levels of denervation, as
in séctioning of a non-dominant: ventral root, when breinpervatlon has
occurred, the fiber type distribution will show small groups of closely
éacked fibers and not the large type groups seen with more severe
transections. With increased denervation, it was stated that the fiber

aggregates become larger.

e)Axondl Sprouting in Murine Dystrophy

.

Previous studies on the reinnervation of dystrophic muscle have
used the techniques of complete denervation by either nerve section or
nerve crush. A techniqué of partial denervation can provide some added
insight into the problems associated with muscular dystrophy. As
previously discussed, Gurney et al. (1986) isblated a‘ muscle-derived
protein that influences terminal spfouting. One might speculate that if

there is a biochemical alteration in muscle of the dy2j mice, this factor
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may not bé present and subsequent to partial denervéfion; reinnervaqioﬁ
could be impaired since terminal.sprouting.would not'occﬁr. The technique
of partial denervation Qill determine whether, given every opportunity,
motor axons of the dysﬁrophic mouse can Sprout collggérals and increase
their motor unit size. The existence of collateral. sprouting by the axons
of the dystrophi; mouse has been previously examined by Law and Atwood
'
(1973). When a morphological -estimate of average motor unit size was
calculated (as described later in the introduction), they ‘found that
soleus motor units of dy/dy mice were slightly but not significantly
larger than those of the normal mice. Since functionally denervated muscle
fibers are known to be present in dystrophic mice (McComas™ and Mrozek
1967; Law and Atwood 1973), these results may suggest that motor units in
dystrophic mice cannot increase their size through collateral sprouts. '
Examining the ability of the nerves of the dy2j mice to sprout
collaterals requires some added attention. Dystrophic mice are known to be
considerably less active than .their normal counterparts. This could
potentially influence the interpretation of any results on the effect of
the partial denervati;:\since several studies have shown that exercise may
play an important role in recovery froﬁ partial denervation. Gardiner et
al. (1984) fggnd that rats subjected to daily exercise training 10 weeks
prior to partial denervation of both the plantaris and the soleus muscies,
sho;ed enhanced sprouting in the plantaris muscle but reduced sprouting in
the soleus. They concluded that exercise training enhances short-term

sprouting in the moteneurons supplying fast muscles. Different sprouting

stimuli and the degree of overload of the muscle prior to partial
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denervation were suggésted by Gardiner et al.-(lgah)'ns pbs;ibillc;es for
‘the différenqe in the Fesuits from the two muscles. |

Inv a later stud&, GardineF and Fé}tus (1986) examined the
_contréctile responses of the rat plaﬁtaris muscles ten éays'ufcor partial
dénervation, Duringlthese ten post-dperative days, the rats wefe subject
to a daily program of intense exercise. When the funétional Iindices of
motoneuron sprouting were assesséd, no changes were observed in the.

‘exercised rats when compared to the control rats. These results secem to
indicate that their training program was sot intense enough to produée any
change in activity. .

This is in contrast to the iﬂcreaséd sprouting seen with exercise
training foilowing.partial denervation by Hoffman (1952) and Maehlen and
Njal(1982). These studies involved delivering short periods of electrical
stimulation to the musele immediately after partial denervation. These
brief durations of increased neu%al activity enhanced the sprouting
observed in the remaining intact motoneurons seven days later,

Herbison et al. (1986) electrically stimulated tée sclatlic nerve
of rats following partial denervation of the soleus muscle. Electrodes had
been implanted unilaterally adjaceng to the sciatic nerve following
bilateral partial denervation of the soleus muscle. Stimulation' was
applied to the sciatic nerve for amy of 2, 4, or 8 hours per day, 5 days
of the week for a total of six weeks. Following recovery, muscle weight,
tensién, contraction time and fiber areas of type I and type 11 were
examined. Contraction times were unaffected by either partial denervatlon
or electrical stimulation. Muscle weight, twitch and tetanic tensions and

E]
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fiber type areas were reduced with partial Qenervatioh; alone. With
electrical stimulation; recovery. from partial denervation significantly
increased the muscle weight and tension production bﬁt dia not p;oducé any
_ change in the fiber‘pype areas when compared to the partially denervated
unstimulated animals. The experiments seem" t§ provide evidence that
stimulation of intact axons of partially denervated muscle enhances
recovery possibly by increasing the sprouting responsé.

Although these studies indicate some contradictory results, it
seems that the iﬁtensity of the exercise and the muscle type play an
important role in determining the effect of exercise on recovery foliowing
partial denervation. Since the dy2j mice are considerably less active than
the age-matched C57 mice, the influence of exercisg.on recovery should be

~

considered.

3)Teéhniqge§ for Measuring Motor Unit Size

" This section will serve to introduce the reader to some of the
methods used for determining - the number and sizes of motor units in a
mubcle.

( .

a)Physiological Recordings

2.

Within physiological .recording techniques, there are many.
parameters that can be measured in the assessment of an individual motor
unit. The method that is often used in physiological assessment of the
motor units is ventral root splitting. The main reason for the frequent
use is that it seems to limit any sample bias on the basis of motor unit

L 1
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size or physiological .properties since the ventral roots are split at:

random (Parry et al. 1982).

The véntral root splitting technique will be described_briefly in
. L . . . .

this section-as Lt is fully explained in the methods section. In this

ngcedure. following a laminectomy, ‘the animal is secured in a clamp

device and then the experimental muscle is isolated and prepared for-

isometric tension recording. The ventral xobts supplying the given musc le

are then exposed and split séquenciallz until a filament which contains
only one alpha motor axon innérvating the ﬁuscle under investigation is
isolated. The size of thé individual motor unit is deéermined by recoerding
theltension eligiﬁed whén the ventral root filament is stimulated..This
ténsion is then expressed as a pérceﬁQage of the total tension reﬁprded
from the muscle. The siﬁe is then a fraction of the tota%fﬁgspe produced.
by‘the muscle. The number of motor units is determiped using the avofnge‘
size of the motor units divided into the total force produced by tﬁe

muscle.
<
The concept of the motor unit was first suggested by Sherrington

(1906). Since this time, there have been many studies attempting to

correlate the structural and histochemical characteristics og\th muscle

fibers with the physiological properties of their motor axons.

Techniques for this correlation were not developed until the works
i
t

of Edstr8m ands Kugelberg (1968, %?73) and Burke et al. (f968;197351

i
1973b). These authors utilized the method of glycogen depletion which

allows a direct study of .the interrelationship between the physiolqu/and

the histochemistry of an individual motor unit. This mechod/fgwéssentially

s



ventfai root splitting w?;b'ona‘additionél_procedure. The artery 59pp1ying
- blood to the given expefimencalﬂmuscle is clamped to produce ischemia in
thelmuscle. The single motor nérve 1s repetitively stimulated with low
frequency }atiguing i@pulsés'to deplete the muscle fibers in this ﬁnit of
glycogen. Aftgr a gi;eh time, the glycogen stores will be exhausted. When

the muscle is examined histologically, the depleted muscle fibers stain

pale with PAS technique for glycogen. These pale muscle fibers will belopig

to ;he motor unit isolated and characterized by ventral root splitting/
i Burke et él. (1971; 1973: 1974a; 1974b) used this technique) and
also examined some physiological meaﬁurements of ¢ e_motor unit., Twi
- and tetanus tensions and fatigue index of the motor units were meésured in
an attempt to achieve 'a classification of | motor - uniEg. Their
cla;sification as originally applied to cat muscles, and in later years;
has proven to be useful in the accumulation of new Qata.

Burke and co-workers (1974) divided the motor unit populatiéns
into three categories: ‘ |

1) FF= fast-twitch, fatiguable

2) FR= fast-twitcﬁ, fatigue-resistant

3) 8= slow-twitch, faéigue-registant
In later.studies, Burke (1978) included a fourth type of motor unit in the
cat muscle unit claésification. This Is an FI unit rsferring to a motor
unit wiiﬁninlermediate fatigue resistance, and a fast-twitch. Thus far,
thisl so-called ‘'tetrapartite’ classification has been applied to mwany

§ .
hindlimb muscles in the ?if ﬁncluding the tibialis anterior and extensor

digitor%g/%dngus (Dum and Kennedy 1980), the tibialis posterior (McDonaugh
)

e '

26 S



- et al. 1980), the flexor hallicus'iongus (Dum et al. 1979; Weséerman ot

al. 1979), and the soleus and gastrocnemius (Burke et al. 1982),
Motor unit studies using the glycogen depletion technique have yeot
. . l:[_._‘ . .

to be performed with success on. the mouse. However, mator unit studies

using the 'conventional . ventral root splitting technique have been

performed on the mouse extensor digiterum longus (Bateson and Parvy 1983)

and soleus (Lewis et al. 1982) muscles.

b) Morpholopical Techniques
: -

Law and Atwood (1974)' examined. the extent ofﬂpxdﬁET_;;;;GEing
in soleus muscle of ReJ129 and dy/dy mice using n; morphological
estimation of motor unit size. The'study fequired determining the numﬁer
of motor end-plates, the number Pf myelinated‘axons; and the qstlmatcd
number of motor axons. The numbe> of motor end-plates were compared In
the normal * and dygtrophic Im;zé\\\gz&hﬂjfggainig the muscles for
acetylcholinesterase, while the number of ‘axpns Wi determined
histologically by sectioning‘the soleus nerve and _theﬁ esiimating the
number of motor axons. An estimate of motor unit size was thén made by
dividing the number of motor end-plates by the-mumber of motor axons. This
technique uses the assumption that each of the motor end-plates
corresponds to formation of a neuromuscular junction and therefore can
correspond to the number of muscle fibers supplied by the motor

axons. This technique has not been used extensively perhaps because
of this fﬁrge assumption since dystrophy may affect the formation of

proper neuromuscular junctions.
L3
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Thé most common morphoiogical technique for counting moEor?units
is horseradish peioxidase (HRP) labelling. The definiﬁive.demagséaation
for the use of HRP in Cra;ing motoneurcnal coﬁnections did not oceur until
the work of Kristensson and 01550n (1971). These autﬁors Istated that
following Intramuscular administration, HRP could_be readily'demohstraced
in the motoneurons of fixed spinal.éord. Since this time, HRP has been‘
used to examine the ‘mOCOAeuron population in many muscles of both .the
mouse and,‘the rat (Parry et'};l. 1982; Peyronnard and Charron 1983;
Krishnan et al. 12}5; Parry and Falconer 1936;'Desypris 1986; Lowrie et
al. 1987). h ”

R A measure of motor unit size Eﬁgld be obtained morphologica%ly by

determining the total number of inhervated muscle fibers and dividing by

the number of alpha motoneurons supplying the muscle. This raises the

problem of identifying specifically a2lpha motoneurons as well as’ the
numberlof innervated muscle fibers. Following intramuscular injection of
HRP, the number and sizes of motoneurons can be determined. If the areas
of the cells are plotted as a frequency distribution, one would expect to

-

observe a bimodal distribution of the motoneurons. This bimodality would
be expected with a clear separation of the_larée (presumed alpha) and the
small (presgmed gamma) motoneurons. Similarly, the total number of
innervated muscle.fibers can be éfunted from a his;ologi;al section*of the
muscle. NCAM, or neural cell adhesion moiécule haé been shown to be
.present on the surface of denervated muscle fibers {(Rutihauser et a&.

1983; Covault and Sanes 1985; Moore and Walsh 1986; Walsh and Moore 1986).

In muscle sections stained with a monoclonal antibody directed against

b
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‘ . . ’
NCAM, the denervated muscle fibers .stain posféively, while the innervated

muscle fibers did not .stain. This technique should enable the number of
innervated muscle fibers to be counted.

d) Past Work on Muscular Dystrophy

e

Since the first neural hypothesis was develﬁped by McComas et ql.
(1971), many studies have looked into the neuropathology ‘of muscular
dystrophy. The Sick Motorneurone Hypopﬁesis of McComas et al. (19]16;
describes the etiology of human muscular dystrophy as a problem of neural
ofigin based in the spinal motoneuron. However, only very limited
research had been performed on examining the actual morphology of
dystrophic motoneurons in both humans and in animal models. N

Spinal motoneurons have been examined in our lab in dy2j mice to
determine if the dystroﬁLic process manifests itself in the‘murthe model
as a chénge in the motoneuron itself as suggested by McComas et al. (1971;
1977; 1988) in human dystrophy. These studies include that of Parry et al.

‘ "

(1982) where the number and sizes of motoneurons in the soleus muscle werc
‘examined in both €57 and dy2j mice. Using the HRP technique, the dy2j mice
had a 20% reduction in the number of motoneurons supplying the soleus
muscle when compared with age-matched C57 mice. Assoclated with this
decreased number in the dy2j mice, was an increase in the mean soma areﬂ
of the motoneurons when.compared to the €57 mice. This phenoménpn was
also observed by Parry and Falconer (1986) in a forelimb motornucleus.

These results can lead to some questions regarding the increased

N
soma area in the dystrophic motoneurons. A review of the factors governing
’ i
.

the size of spinal motoneurons will now be given.
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Q)CogtrolLinghFactors of Motoneuron Siie‘

A%‘méntioned above, results from our lab have shown (Parry et al.

1982; Parry and Falconer 1986) that in the dy2j mouse, there is an

. Increcased soma size associated with a decreased number of motoneurons in

the %oleus and forelimb motornucleus respectively. This can lead to some

interesting questions. Does the dystrophic pfocess manifest itself by
changing the size of the motoneuron? Can the increased soma area be a
compe%satory response to the reduced number of motoneurons suppljing the
muscle? The answers to these gpescions can be explored by examining cthe
relationship between motoneuron size and motor unit size. In order to'db

this, circumstantial evidence Tfor the existence of this relationship

should be considered. By relating the motoneuron size to both axonal

diameter and con;thion velocity, thfn relating conduction "velocity to
motor unit size and type, a relationship between motoneuron size and motor
unit size and type can Qe inferred. This section will reView the past
1itgrdt;re oﬁ the khown related parameters.

a)Cell Size and Axonal Diameter Cigduction Velocit

Cajal, ih 1909, related the size of a cell to the diameter of its

axis cylinder and secondly to the number and thickness of its collaterals:

(

and terminals, In this review paper, Cajal based this relationship on

[

examples of large cells with large axons and numerous collateral branches
such as: spinal motoneurons, giant corpuscles of the torpedo, Golgi cells

of the cerebellum and horizontal cells of the retina. Small cells with

thin axons which give rise to few collaterals were mentioned with examples

of the- granular cells of the cerebellum, bipolar cells of the retina and
‘ f

.



the granular cells of the fascia dentata. Cells in the dorsal root ganglia

it

were also presented as evidence since the ganglion cells with ‘infgo
volumes had thick axons while those with smali vglumeslhad.tbin axons, —
Henneman ‘et al, ‘(1965) _réviewed thé work of Cajal in thcir
research examiﬁing ‘the functional significance of cell size in_ spinal
motoneurcons. They stated that in the mamma11§n nervous system the idea of
Cajal, that cell size, axon diameter and collateral number are inter-

related, seems to be true without exception. Consequently, Henneman and

éésociétes concluded that the diameter of. an axon was a reliable index of

the size of its cell.

In the early 1§f0's, Barrett and Crill (1971) examirded motonecyrons
histologically. A positive correl tion was showﬁ to exist bekween thelsize
of the ‘lpha motoneurons and thd;L axonal conduccioﬁ velocity~ ce this
wva staBlishgd, théy relied on the close relationship between conduction
velociéy and axonal diameter. Since axonal diameter is one of the main
determinants df condgction veleocity, they~stated that cell body size was
proportionally related to axonal diameter. -With thiﬁ %ndirecc mothod;
axondl diameter correlated closely with both cell body size and the number
of dendrites ffom the cell body. Altﬁough this study did provide more
dfrecﬁ evidence, a better methdd was still needed to elucidate the
relationship between motoneuron size and axonal conduction velocity.

The relationship between conduction velocity and axonal diameter
has been known for many years. In a review by Erlahger and Gasser

(reprinted 1968) past studies were examined to determine how this

. l_
relationship came into existence. The first suggestion of a :glatlonship



beﬁween these two parameters was made by G8thlin in 1907 ;hén ﬁe develdped
his cable hypothesis of conduction yelocity of nerve fibers and this w;s
laterAconfirmed by Lapiqug_and.Legendré:(1913?. Erlanger and Gasser (1927)
derived a poSitive feiationship betw;en these two parameters from
‘machemétical models that they created based on physiological trac?ngs
recorded ftﬁh‘the bullfrog nerve. Later, Douglass et al. (1934) and Hursh
" (1939) provided moré experimeﬁtal evidence that the conduction rate varied
“as a function of the size of the axonal diameter.

More direct confirma;;on of the relatipns among cell body size,
axon diameter and axon conduction velocity of alpha motoneurons came with
the work of Cullheim (1978) and Cullheim and Kellerth (19784,B and C)
using the technique of intracellular injection of HRP. This was performed
as followg: After a laminectomy, intracellular electrodes . were placed
directly into the spinal cord. Alpha motoneurons were then identified'by
the action pocantialg following antidromic stimulation of the nerve and by
their conduction velocifigs,‘time to peak tension, and fatigue indices
were measured for charabterization of the motor wunit type being
‘stimulated. Once éhe physiological recordings were finished, horseradish
peroxidase was injected directly into the alpha motoneuron by passing a
positive cérrent through a micro-electrode filled with the hofgeradish
peroxidase sol;tion. This staining technique 6f intracellular injection of
horseradish peroxidase allows the possibility of examining a
physioloéically identified motoneuroﬁ ﬁmrphologically under both light

and electron microscopy. Therefore, the relationship between morphology

and physiology in the motoneuron can be examined.
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‘_Thé first results using:this'technique ware fepgrtéd_by Cullheim
(1978) in adult cat ‘scigtic alpha motoneurons. Significnﬁt hositive
correlations were found between cell body size and axon diﬁmeter and cell .
body size and axon conduction veloéity. This report was the first %*;ggg
morphological ev;dénce for a close correiation between cell body size and
axon diameter in spinal alpha motoneurons. As mentioned, there was a
po;itive correlation between axonal diameter andl conduction vcldcit}.
Kernell and Zwaagstra (1981) confirmed the positive correlation e;lsted in
cat hindlimb motoneurons between the axonai gonduction velocity and
motoneuron size with the same technique -as ‘ Cullheim and Kellerth
(1978A,B, and C). ) |

In other studies from.the same lab; Cullheim and Kellerth (1978A
19788, 1978C) used this technique 'to study élpha motoneurons with their
axons and their axon collaterals supplying‘different hindlimb muscles in
the cat hindlimb., The five different muscles that were examined were the

\ .

quadriceps (knee extensor), posterior biceps (knee fleﬁor), géStrocnemius-
soleus (ankle extensor), tibialis anterior (ankle flexor) and the plantar
(toe extensor) muscles. No differences were observed in the mean axon
diameters among all five muscle groups. Recalling that Cullheim (1978)
related the axon diameter positively with cell body size, this study
suggest that the mean moﬁpneuron size is similar in all the hindlimb
musales of the cat even though each muscle is responsible for different

motor functieén.

AN “a
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b)Conduction'Velocic§ and Motor Unit Size/Type

v

The relationship between motor unit size and axonal conduction

"~ _ velocity has been the subject of many research studies. In these studies,

the size of the motor unit is determined by the tension eli:?féd or peak
teténic tension. Close correlations have been shown between the axonal
conduction velocity and the size of the motor units in the smallest
mugélés of the cat’s hindlimb, the lumbrical muscles (Appelberg et al.
1967: Bessou et al, 1963;1965; Emonet-Denand et all 1971),.and in the-
larger cat hindlimb muscles (McPhedran et al. 1965; Fuefker et alﬁ 1965;
Bagust et al. 1974; 1979;1981; ngi and Pecfé‘l975; Proske and Waite
1976; Binder et al. l978;:McDonagh et al. 1980B). Hoﬁever, it seéms that
in the larger muscles, Eﬁgfgﬁirelations'are not as close as in thé smaller
muscle units. No clear relation has been established between conduction
velocity and mftor unit size in the cat flexor digitorum brevis muscle
(Gerlach et al. 1976), in the mouse extensor digitorum longus muscle of
the hindlimb (Bateson and Parry 1983), and in all but one of the animals

in mouse soleus muscle (Lewis et al. 1982).

c)Motoneuron Size and Motor Unit Size/Type

Henneman and his associates examined several physiological
parameters in relation to motoneuron size, Using ventral root splitting,
akonal conduction velocity, the amplitude and‘time course of single motor
unit twitches were measured'in the cat soleus and gastrocnemius muscles.
The first experiments (Henneman et al. 1965; McPhedran et al. 1965;

Wuerker et al. 1965) correlated the diameter of a motor nerve fiber with
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the number of muscle fibers it innervates indirectly using axonal .
, T .
conduction velocity as tif- indicator of axon diameter and tension

productibn for the number 5f muscle fibers innervated (motor unit size).
Froﬁ‘this po;itive correlation, thié'group has stated that the larpest
units are innervéted By the thiékesé axons, fhis is very important since
‘it suggests that the diameter of the axon is directly related to thé size
of the motor unit, Henneman et al. (1965) had already stated that the
- diameter of an axon is afi‘&iable index of cell size. If sé, then one can
relate the size of the motor unit to the size of the cell body in the
spinal cord. This seems quite plausible since a large motoneuron must have
sufficient axonal substance to give off a large number of terminals '
(Henneman et al, 1965), When the soleus muscle was exﬁmined-in Cross-
section, the muscle fibers were very similar in area. This indicaﬁes that
the increased force production could be explained by the fact that the
motor units were larger due to an increased number of m

uscle £ibers rather
- . .'f—‘-‘-.
than hypertrophy of the same number of fibersﬁ//// “\\\\H‘;“—‘t’_—////””ﬂ’ﬂ

Henneman et al. (1965) examined the reFruiCment of the motoneurons

!

in activity in what is now referred to as fthe Size Principle.*The Size

Principle dictates the relationship befween the size of -the alpha
motoneuron and its electrophysiologi properties. It was found that the
threshold voltage of a motoneuron was dependent upon its soma size. The
size of the motoneuron was based on exgiacellular.recordings of axonal
action potential amplitude f;om the axon. They assumed cﬁat the large

amplitude action potentials arose from large diameter motor axons.

Translating axonal diameter into cell size, the size of a motoneuron will
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diététerﬁhe Ehreshold response‘of the motor uﬁit. The:efore, the smaller
motoneurons or Qotor units have lower thresholds while the 1arger-
. motoneurons or motor units fire only when a large stimulus is applied.
‘Henneman and colleagues stated that the resulﬁs indicated that the
" motoneuron pool is graded according to size with thé small moto;éurons
(slow contracting, small tensions? recruited first and - the"large
motoneurons (fast con;raccihg, large tensions) later. However, since
axonal diameter was used as an indication of motoneuron size and not
motoneuron size 1itself, direct evidence for controlling  factors ‘of
motoneg;on s%ze was still not evident. .

Theée results by Henneman shoﬁld not be confused with the results
by Petrofsky and Phillips (1979) who showed that when examining
recruitment‘ of motorneurons By electrical stimulation of peripheral
nerves,.the larger axons:are recruited first, With stepwise increase in

;

stimulation voltage to the motor nerve, smaller axons are subsequently
recruited. -The order of fecruitment is thus from large (fast) to small
(slow) axons. This discrepancy can be attributed to the fact that the
experiments in Hennemans’ work observed recruitment in the spinal corﬁ,
the central nervous system order. Petrofsky and Phillips (1979) examines
recruitment by the peripheral nerve, In the large motoneurcons, the

membrane area is inereased and requires a greater stimulus for excitation.

However, in the peripheral nerves, the large axons have a decreased
]

3

1
membrane resistance and should in theory be recruited first if recruitment
is performed by stimulation of the peripheral nerve.

Using intrace}llular injection of HRP into the alpha motoneurons of
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the cat triceps surae m;sclét Cullheim and Kellerth (19780i examined the
mbrphological anq.physioiogical prope;ties of thé different motor_dnit
types. Ten alphg motoneurcns of “each of four motor unit types inc}uq;ng
the soleus"§, gastrocnemiusls, FR and FF w erexamined. The definicpou of
each of these four groups was taken from/;:iiz\et al. (1973) as previously
described..Mean axonal diamefers of the alpha motoneurons were compared
among the d&iferent-motor unit types in the tricéps surae, The solecus §
type motor units-had a significantly smaller mean axonal diameter when
A

compared with all the other three types. Among the gastrocnemius units, a
significant reduction was observed in the mean axonal éiameter in the S
type when éompared ‘with the fast motor units while significant
differences among the fast motor unit axonal ai;meters did not occur.

Since Cullheim (1978) has already confirmed the relationship
between’ axonal diameter and conduction velocity, then the fesulca can glve
further information. Since conduction veloecity is directly related to
contraction time, then one would expect that the axonal diameters of the
fast twitch units be the same as seen in these experiments. One would also
expect to see significant diff;afences in the axonal diameters as such
among the slow and fast contracting motor units. This is in agreement with
the physiological studies on the triceps surae muscle where the soleus
units exhibited the slowest conducting motor axons while‘the FF and FR
motor units were the fastgsc. The gascfocnemius S unit type had
intermediate conduction velocity as would be expected.

Since tﬁe relationship bétwéen axonal diameter and motoneuron

size was also confirmed by Cullheim (1978), the results by Cullhelm and
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Kellerth;'(L978A,B,C) can be used to estimate cell body size, ‘Since
differences were gbserved -in the axonal diameters: among the different
motar unit typés, this may also refléct differgnces in motoneuron size in
these groups., Motor unit; of the soleus § type would have the smallest
cell body size,‘ and in order of 'inéreasing size of motor unit type,
gastrocnemius S type, FF and FR. |

The first direct evidence that alpha motoneurons innervating fast-
twitch muscle unifs are larger than, those innervating slow-twitch units

7 ) b
was by Burke et al. (1982) studying the cat riceps surae and plantaris

musclés. Following identification of the mofor unit innervated by a given.

alpha motoneuron, the cells were labele wig; HRP by intracellular

injection so that the dimensions of the soma Apd'\the stem dendrites could

be made. The results showed that the alpha ons that were

physiologically identified to innervate the fast-twite tor units had
larger motoneurons that those innﬁervating the slow motor unité. Burke et
al. (1982) suggested a correlation‘between motoneuron size and motor unit
Vtype exists and helps to add to data on recruitment of the motoneurons by
Henneman et al. (1965) with the Size frincip}e. Similarly, Luff et al.
{1988) provided evidence that fast motor-units are larger than slow motor
units in the cat soleus and-FDf'muséles._ 1

With all the data together, there is now a link between functional _
excitability, motor unit type and motoneuron s;ze. Secondly, they suggest
that motoneuron size may be directly related to the size of the peripheral

territory (i.e. the number of innervated muscle fibers) as suggested by

the work of Henneman et al, (1965).
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\ - STATEMENT OF THE PB(.)ELEM
| | L.

The aim of thid research study is to examine some of the motor
unit properties of bothl control (C57BL/6J) and sttrophic (CS?BL/éJ
dy2j/dy2i) mice, following partial denervation.l |

The technique of'partial denervation effectively removes part of

. the nerve;supélying the muscle. In the normal animal, this is known to
cause the remaining intact axons to %prout collaterals nnd.cnpture the
denervated muscle fibers. This results in an increased motor unitc size.
This‘has never been examined in the dystrophic animal.

The fqllowiné quéstions will be asked: -

(1) Can dystrophic mice increase their motor unit.size‘in response to

partial denervation?

This will be approached by two methods both examining motor unit
size. The first method is a morphological estimate of motor unit size.
Using horseradish peroxidase (HRP) retrograde labelihg, the number of
motoneurons in the anterior tibialis (TA) muscle pool can be determined.
From the same animal, muscle sections will be taken and photographed. One
can then obtain a morphological estimate of mean motor unlt size by
dividing the total number of innervated muscle fibers in TA by the total
number of alpha motoneurons determined by HRP. Secondly, by the technlque
of ventral root splitting, a physiological quantification of motor unit

size can “be obtained, both in absolute (force produced) and relative

(motor unit force/whole muscle force) terms.

19
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2) Is ;here any selective reinnervation in the anterior tibialis muscie‘

following partial aenervatién?

Cryqsections_ﬁf the‘anterior tibfalis muscle from €ach ‘leg of the
animal will be taken. Using immunohistochemical staining techniqﬁes,
muscle secﬁidns can be classified into different ﬁuscle fiber types based
on their mycsin heavy chain composition. Since the anterior tibialis
muscle consists mainly of type II& and IIB wi

{ .
fibers, antibodies directed against these three muscle fiber types will be

th a few fype I muscle

used to stain the TA sections. Using sections from each leg of the animal,
one can then obtain any changes in the proportions of these muscle fiber

types following recovery'from the surgery.

Problems arose during the course of the data collection with the
decerminac{iibof the morphological estimate of motor unit size. When cthe

motoneuron pool was gquantified and the sizes were measured, the

i

distribution of motoneuron sizes revealed a unimodal distribucfon. In a
' -t
motor pool supplying a muscle; the motoneurons should reveal a bimodal
distribution with a clear separation of the small (presumed gamma) and the
large (presumed alpha) motoneurons. However, the data in this study
revealed no such separation. This causes a problem since in order to
estimate motor unit size, the number of alpha motoneurons \nnervaying the
o, .

mouse anterior tibialis muscle is required. -

Secondly, when examining cross-sections of the muscle, the total
number of innervated muscle fibers was very difficult to determine in the

dystrophic partially _denervated muscle. HMany fibers showed signs of
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degeneration and deterioration. This méde ie very difficulﬁ to determine
if Indeed the muscle fibers were innervated, in the process of being
reinnervated, regenerating or deggneracing. The problem was thought to be
alleviated by staining the muscle fibers with anc;-ﬁcnﬂ. These sections
revealed problémé as well. As a resulc of these'probiems. a morphological
gscimate“of motor unit size was not able fo be determined.

)

'3 The other method for measuring motor unit size is by the ventral
rog@a splitting technique. é;#ever. after three months of constant
endeators, a lack of results made it rather imporcant to examine another
area of study.

Thesé problems will be dealt with furcher in the results sectlon
of the thesis but it.was clear when examining the HRP labelled motoneurons
that motoneuron size increased with partial d?nervacion. This then gave
rise to another.re;aCed question. ' ¥
3) 1Is the increasé im the motoneuron soma area a reflectio; of a
compensatory response to an increased motor unit size as a.result of* the
expected decreased number of motoneurons ipducéd | by the partial
denervation surgery?

4
Experiments will be performed whereby both partial denervation as

.

well as partial extirpation of the anterior tiblalils (TA) are performed.
Following a two month recovery, motoneuron and motor unit sizes will he
measured in order to examine the influence of the size of the peripheral {/

AY]

field on mo@égeuron soma size.
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& ) MATERIALS AND METHODS

)Animals

The strains of mice used in this research study were the control
(CS75L/6J) and dystrophic (CS7BL/ 6J dy2j/dy2j) mutant.
- These mice were originallf obtained from Jackson*Léboratories,
Bar Harbour, Maine but have since been bred at’ our own facilities. Thg
animals were glven mice chow and water ad libidum. ~The animals were
maintained on a twelve hour day and night cycle.

2)Partial Denervations

All the animais iR\;he study, both control (C57) and dystrophic
(dy2j), were initially operatéd en at three months of age and a period of

eight weeks was allowed for reinnecvation to occur. One group however, was

allowed to reinnervate for a period of 18 months after partial denervation

* .

SUrgery.

The first, series of éxperiments involved performing a partafl
dehervatiqn on the animals while the second series required a partial
- . denervation accompanied by a partial extirpatibn of the tibialis anterior
n;uscl&

The protocol for the partial denervation surgery was as follows.
Animals were angsthetized withxggﬁqgfol (sodium pentobarbital), 80 ug/g by
body weipght, administered intraper{ oneally. The left lateral popliteal
nerve which is the sole iqnervator of the anterior tibialis muscle was

isolated in the area adjacent to the patella. This ‘wal performed by
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éutting.through a'layef~of fasciarénd conpecgiQe tissue. Care wag taken
not to damage ény of the surrounding muscle and the bloéd and nerve
supply.’ The lateral popliteal nerve, once e;poﬁed-nnd.isoluced, was ;plit
in half with the aid of a corneal dissekting knife;, The parcial
transection was performed over a distance of app;oximately L centimeter
" (from the paﬁella to the hip) and half of the nerve was removed. Tﬁls wils
in an attempt to.remove épproximately 50% of the axons innervating TA.
After removal of the nerve, the hindlimb of the animal was sutured 1in
layers with 6/0 silk, the wound was cleaned with discilied wateér, and the

animal was left to recover for a period of eight weeks. Following surgery,

. % :
the animals were checked daily until their wounds were completely hecaled

-

and void of infection. If the wound was opened, as.seen In several
s N o

animals, the animals were reanesthetised as above, and the wound was,

resutured with 6/0 silk.

3)Partial Extirpation

The sécoﬁd series of experiménts involved ©both partial
denervation and a partial extirpaEion where part of the TA was removed.
Partial denervation as described above, was performed on both €57 and dy2]
mice. Once this was completed, a skin incision was made on the lower left

hindlimb allowing the anterior tibialis muscle to be exposed from the

ankle to knee. Wi%b aid of fine forceps .and surgical scissors,
< :

approximately half of TA was then removed and weighed. All precautions
were taken é% minimize any damage to the vascular supply. Once this was

completed, the leg was then sutured and the wound was ‘cleaned with
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distilled water, The animal was 1%ft to recovér for a per{od of eight,
weeks. In every animal, the same part of the muscle was removed which
included both superficial and deep portions of the muscle.

.- o)

4)Complete Denervation . e

" In four animals, two dy2j and two: C57, following agﬁinisrration
of anesthesia, as'above.,éhe left lateral popliteal nerve was exposed from
the patella to_the hib. The nerve was isolated, sectioned a?d removed/ﬁ:gmmﬂ
thi§.entire area whigh was approximately one centimeter of nervey/fge leg
was then sutured in layers and the animal was 1ef£ to r;cover for a périqﬁ

of eight weeks. Aftgr the two monthy period, the muscles were ‘removed from

each leg of the animals and frozen for histologicai use,

5)Horseradish Peroxidase Injection

' Horseradish peroxidase (HRP) can be injected intc a giveﬁ muscle
and will then be taken up by the motor a#ons bf the muscle. The axons will
carry the HRP by rapid retrograde axoplésmic flow to the cell bodies {in
the sﬁinal cord. The HRP after appropriate staining with a chromagen, will
then appear as colored intracytoplasmic granules in the motoneurons of the
given muscle pool (Mesulam 1978).

| The number and sizes of motoneurons supplying the tibialis
anterior muscle were quantified with this method. The tibialis anterior
was .chosen because it is a large hindlimb muscle. " Therefore, when
labelling the motoneurons with intramuscular injection of HRP,’any spread

of the label to the adjacent EDL muscle, would probably not have made
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significaﬁf differences in the motoneuron counts. Ho#ever. Lf the EDL
‘musble was used and the HRP spreéd into‘the TA, - since theiEDL-is a much
smallerwmuscle, then it would have affected Ehé re;ults signficancly.

After a two month recovery from surgery, anim;ls were
anesthetized and the ﬁibial nerve was exposed in the reglon from the hip
to the knee. The tibial nerve” was then cut below its sepafatlon from the
1;tera1.popliteal nerve. The leé was now completely dencrvated except for
the lateral popliteél n;rve. This was an added precautiﬁn t?/pfe¥cnt any
chances of uptake of the HRP labellinto other motoneuron peels in the

&pinal cord. Once denervatéd, the incision was closed with 6% silk.

Denervation was performed on both the right and the left leg. -

100 1l of a 20% solution of horseradish peroxidase (Sigma Type

"VI) in saline containing 2% dimethyl sulfoxide (DMSO) rns mixed ?n i
microcentrifuge tube and the solution was drawn up into a 100zl Hamilton
microsyringe. A droprof Paraffin 0il was drawn up above and~below the HRP
solution. This hélped to prevent thé HRP solution from drying out in the

microsyringe and clogging the fine needle tip. A capillary tube was placed

on an electrode puller apparatus and pulled to make a very fine tipped
EY
micropipette. This piﬁette was then placed on the Hamilton microsyringe

and sealed with wax. .The tibialis anterior muscle of each leg was

exposed and 25 ul of the HRP solution was slowTy injected into the muscle.

It should be noted that some muscles including the dy2j TA and the PD/PE ,

€57 muscles, required less than 25xl of -HRP to obtain complete staining.
HRP was injected into the TA of both legs so that each animal had its own
] . ’

. e ~
control in the right motoneuron pool. Injections were performed at several
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‘pointslalong the:l;ngitudinal axis of the muscle.‘Once all the HRP was
injected, the electrode was removed and the muscle was gently blottédi The
legs were then sutured wicth 6/0 -silkl and the. wound was cléanéd Qith
distilled water.

-

The animals were alloweq to recover for a period of 1B to 24
hours. Ag-this time, the;%nimals‘were reanesthetized and the TA from each
leg was removed and frozen in isépentane frozen in iiquid'nitrogen'and
‘stored* at -80° uﬁcil -requireg for histology.

7 After the leg muscles were removed, the chest area was exposed
‘ by reflecting back the skin and the sternum with the help of a clamp. An-
incision was méde in the right atrium and the left ventricle.. The animals
were then transqardially perfused_tﬂrough the left wventricle with (1) 1b0

ml of 0.9 % salinei (2) 125 ml- of 4% pglutaraldehyde (JBS Chem) in 0.1M

potassium phosphate buff {(pH 7.4); and (3} 100 ml of lO%_sucrose in 0.1M
‘potassium phosphate buffer (pH 7.4) chilled to 4° via a cannula consistifg™
of polyethylene tubing attached to an 18 gage needle on a 50 ml syringe.
Once the perfusiﬁn was completed, an incision was made along the
back éf the animal and muscle was clfared to expose the vertebral column.
A laminectomy was performed and the spinal cord was completely exposed
from the sacral region to the insertion of the first rib. A diagonal cut
was made at the ﬁdp of the thoracic level of the spinal cord. This
permitted easy identification of each side'gf the spinal cord once the
spinél cord was stained. The spinal cord was then cut at the sacral region

and removed. The block of cord was then placed in a solution of chilled

10%¢ sucrose in 0.1M potassium phosphate (pH 7.4) and stored in the
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refrigerator for one hour (Rosene and Mesulam 1978).
+ After ome hour, the 'séinal cord was ' removed from the
refrigerator and placed in a small petri dish filled with the sucrose

-

solution and the dura, dorsal and ventral roots were removed. The splnai
cord was then placed on a precooled chuck and embeda;d 16 ocT compouﬁd
(Mflés Scientific) on a freezing plate of én IEC Minotome Cryostat. The
cryostat was routineiy set at -10 ° for this procedure. 40 um serial
longitudinal sectiong were taken and put on gelatin subbed slides. The
spinal cord sections re then covered with a drop of 0.1 M phosphate
buffer (pH 7.4). If it was required, sections were straighteped out with
a fiﬁe haired paintbrush. The moupted sections were then air dried for
approximétely one hour at room temperature and processed according to the
technique of Mesulam (1978} using tetramethyibenzidine as the chromagen.
The sections were processed through an\gicohol dilution series, cleared
with Xylene and mounted with Pe%mount.

Using a phase contrast microscope fitted with a drawing tube

attachment, motoneurons were visualized and traced. ,This permitted

toneurons., Composite

S

images of zgé\gﬁsfre motoneuron pool were made b

motoneuron. However, onlys motoneurons with a

accurate tracing around the periphery of labelled

drawing eve stained

A\
ofps were

/
counted. Figure 1 in the results section shows motoneurons that wéuld have
s . S ‘\\
been counted. An image analyzer (IBAS) was then used to c¢alculate_the
areas and maximum diameters of the labelled celT bodies from the tracings,

In this thesis, cross-sectional areas were used to indicate soma size.
&

When the motoneurcn pool was quantified in the soleus muscle,
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the protocol was identical to that of the TA except that the denervation

required sectionihg of all the nerves except the soleus nerve. The only

other difference was that intramuscular injection only required 10ul to
stain the entire soleus motornucleus. T . _ . HH\\\S\\»

.

6)Ventral .Root Splitting °

The technique of ventral root splitting takes several hours and
once ﬁhe animal was set up in the apparatus, it was vary difficult to move R
it in any direction, Therefore, for these two reasons, the first step in
.this procedure was ‘ﬁo make a small inecision in the peritoneum of the
animal. Once this was done, a small cannula attached to a 1.0 ml syringe
filled with Somnotol anesthetic was placed into the peritoneum. The
cannula wag then secured in place with several gpﬁufes and a small drop of
Krazy glue. This allowed supplemental doses of anesthetic to be
administered whenever it was necessary throughout the entire experiment.
Extreme care was required throughout the ventral root splitting p;ocedure
.to minimize the blood loss tg the animal.

Once the cannula was secured, an incision was made around the
patella area on the left leg of the animal. The lateral popliteal nérve
was isclated very carefully as close to the muscle as possible. The left—
TA or EDL muséle was Isolated next with care to minimize démage to both
the nerve and vascular supply. When EDL motor units were to be isolated,
it was necessary to denervated all other muscles in the lower leg to avoid
interference with the fecording of motor unit tensions by contractions

elicited from the other muscles. With the aid of a pair of small
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dissecting scissors, an incision was made along the side of the muscle to
loosen the muscle from the surrounding tissue so the muscle could contract
freely upon stimulation. The distal tendon was. then loosened from the

surrounding connective tissue and muscle by cutting through the llgaments
. ‘

in the ankle. The tendon was freéd and then severed. Once ffeed, the
tendon was attached to a small piece of stainless steel wire with looped
ends and secured with the help of some 3/0 silk,

The second part of the surgery first required a skin incision
from the neck to the sacrum. The skin was lo;sened to allow exposure of
the ¥ib“hage, spineAand sacrum.‘The sacrum was exposed next and cleared of
muscle so it couid be \attached to a spinal clamp device that secured the
animal in one position throughout the recording measurements.

i

It should- be noted that the two protocols described above,

.

preparing the spinal coiumn and the hindlimb preparation of the animal for
the recording measurements were done alternatively. This seemed to help to
reduce the blood loss ané trauma to the animal:

After this, the spine was cleared of muscle from the neck région,
down to the sacrum. A laminectomy was performed re&oving the lumbar
vertebrae from Li to Ls. Cotton wads and Gelfoam were usez to gently hloct.
the spine whenever bleeding occufrgd. Once the spinal cord was cleared,
the animal was moved to the tension measuring apparatus. The spinal clamp
was first attached as follows. Two pairs of opposing metal pins were
positioned at the sacrum and at the mid-portion of the spine. Once the

animal was secured, the skin of the back was tled to the bent part of the

metal pins to form a pool that could be filled with solution. This was
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first f£illed with ngse ﬁinger (see composition in appendix).

The leg was then secdrgd with two. separate clamps each
consistinﬁ of a.pair]bf Dumont #5 stainless’stéel forceps. One clamp was
placed oﬁ the foot of the aﬁimal and the second one was attached to the.
femur. This prevented any movement of the lower limb that.could interfere
with the results. Once the hindlimb was secured, the leg was sealed in a
bath with cotton that was previously soaked in a 5% aqueoué Agar solution:
When the leg was completely sealed,‘the:bath was filled with Mouse Ringer
solution and checked for leaks; If (any occurred, the bath was rese¥led
with the agar-soaked cotton. The bat as bubbled with a.gas mixture
consisting of 95% oxygen and 5% carbon dioxide. Temperature of the bath
was maintained at 37 ‘¢ throughout the experiment by a heating coil
apparatus at the base of the bath.

The severed distal tendon of the muscle was attached to a forc
transducer by‘ means of the stainless st;el wire. The signal from e
transducer was amplified énd then the tension was recorded and visual ;ed
on an oscilloscope. Oﬁce the tendon was attached, a wire stiﬁulating
electrode (distal electrode) was placed on the late?Xl pdéliteal nerve
just above its entry into the muscle. The optimal muscle length was then
established by indirect stimulation of the muscle wvia the distal
eréztroﬁe. Muscle length was adjusted until the twitch tension recording
was maximai for three consecutive length adjustments,

Withvthe bﬁck_pool filled with Mouse Ringer, the‘dura of the
spinal cord was remo&ed next with the aid of a’pair of vegi/ffﬁe forceps
and a pair of fine dissecting scissors. Once this was completed, the bath

o
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was emptied with a vacuum anddthe.bath was refilled with‘paraffln oil to
=decrea5e aﬁj possible'spread'of current during vent;al‘root‘stimulatlon.

The dorsai'roots on thellefc side were .isolated, cut and then’
reflected to the side. vent;al roots L4 and Ls were cut and méunted on a
palr of gtimulating electrodes (céntral electrode} consisting of a pair of
platinum wires. The twitch. resulting;hfrom supramaximal stimulation of
ventral roots L4 and lewas récordedﬁin the oscilloscope., The tension
oﬁtﬁined grom_stimulation of tge ventrél roots should be equal‘to that
produced ;& ;timulation of the muscle-nerve.

One ventral root was then plgced on a stainless steel dissecting
stage that was immersed in the pafaffin pool. The root was then split with
a pal . of very fine forceps. The split root was then mounted on ithe
centra. elect;ode énd a supramaximal stimulgs was appliled. T%e volgage was
then lowered until the threshold voltage was redched. The tﬁreshbld
voltage was defined a5 the voltage at which an all o:\ﬁbne twitch response
was recorded 50% of the éihe when a series of ten pulses were glven. If
the tension that was recorded at threshold was less than the supramaximal

tension then the root was split further. The.root was repeatedly split
until the tension reco¥ded from a tﬁrespold voltage stimulus was equal to
that of a supramaximal voltage stimulus. If this occurred, a single unit
was considered to have been isolated.

Once the single motor unit was isclated, several parameters were
meaéured following stimulation of the ventral root filament. These

include: time to peak tension, maximum twitch tension, maximum tetanic

tension and half relaxation time. The sizes of the individual motor units
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are determined %i_idgptézztage of the total tension recorded from the*

muscle following stimulation to the nerve. When these parameters are

measure and recorded, the ventral root is then dissected again until

another motor unit is isolated.

7)Histological Processing of the Tibialis Anterior-Muscle
a) Sectioning ”

Both the left (operated) leg and the right {(unoperated) leg were
removed from the aﬁimai pfior to the transcardiac perfusion ;ith
glutaraldehyde. The muscles were bathed in a solution of 0.9 % saline,
blotted dry, and e wet weigﬂﬁ# were recorded. The muscles weréAthen
frozen in isopentane precooled in iiquid ﬁitrogen. Once frozen, the
muscles were placed in- small plasﬁgc viles and stored in a freezer set at
-80° until further processing occﬁrred. Muscles wére sectioned at various
. times later. Sectioning was done on a IEC Minotome nyostat set in the
range éf -20 to -24 °c, Muscles were mounted on precooled chucks with OCT
compound (Miles Scientcific). 10 um sections were tak;n and placed either
on coverslips or gelatin subbed slides. The sections were either stained
immediately or stored in a freezer sec‘at -20°, Since sections were made
of both legs, the right leg was used as the control for eaéh animal.

. - To assess the specificity of the NCAM dntibody, whole hindlimbs
were removed from 17 day gestation fetuses (mice) and mounted together
with adult hindlféB'mouse muscle,

Many of the muscles, including the muscle from the mice embryos

were wrapped in adult diaphragm and. then frozen. The diaphragm muscle both‘

-

; N



)

limited loss of muscle fibers at the periphery and served as a control fér

the myosin ‘antibody staining.

b) Staining
Three types of staining were performed on'.che TA sections. The

first type was a hematoxylin and eosin stain. These sections show a

v

general morphologicallportrait of the muscle. Some of the sections were

7

photographed to”make composites of the stained muscle sections for muscle

fiber counts.
) The second type of staining that was done .was
immunohistochemical wusing monoclonal antibodies directed ag¥nst the

’

P
different myosin heavy chain isoforms. The-TA sections were stained with

monioclonal antibodies directed against type I, type IIA and type IIB o

myosin since this muscle is known te consFSt of these three fiber types.
The muscles were ‘examined' for evidence of selective reinnervation
following partial denervation as typically seen with reinnervated muscle
after acute denervation (Karpati and Engel 1968).'(

Sections were incubated with the first antibody in small
incubation chambers at room temporature for 24 hours. The sections were
then rinsed in 0.1M PBS (phosphate buffered saline-pH 7.4) for cthirty
minutes changing the PBS every ten minutes. Excess liquid was removed from
the sections and the sections were incubated with the second antibody,
goat anti-mouse IgG (HRP conjugated)'solution diluted 1:75 with 0.5% PBS-
albumin solution. The slides were incubated with the second antibﬁdy for

& 6
three hours. Slides were rinsed, again in PBS as above and then processed



with diaminobenzidine (DAB) as - follows, The sections were put in a

" solution of the following dilution: 10 ml PBS:10 mg DAB: 10ul 30% aqueous

hydrogen ﬁeroxide. These w

e processed in the darkﬁgepd checked

occasionnlly until the staining reached the proper intensity. The sections
were rinsgd in distilled’ water ani/frocessed through the alcohoi series
and then mounted with Permount. )

The laif type of staining tﬁat waS'perfbrmed oﬂ the sections was
immdnohistochemistry.ifor the demonstration of neural cell adhesion .
molecule (NCAM). NCAM is known to be presént in dgnervated muscle (Covault

*

and Sanes 1935, Walsh and Moore 1986). This stain was performed with a
polyclonal aﬁtibody direc:ed against NCAM. Anti-NCAM was used at various
- dilutions from 11:250-1:1000 with 0.5 % bovine serum albumin in 0.1M -
phosphate- bufféred saline (pH 7.4) (PBS); The sections were stained with
this first antibody for 24 hours at room temperature. After a thirty
minute rinse with O,1M PBS changing the PBS three times as ébgve,'excess‘
water was once again removed. The second antibody was FITC légellea goat
anti-rabbit Ing This was incubated for two hours and then the sliﬁes wvere
rinsed once with PBS-Nonidet and mounted with glycerol and stored in /che
dark at -20°. Section§ were then observed using an FITC filter with a

2
Zeiss Axiophot microscope.
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8)Composition of,Mou;e Ringer

L3

Mouse Ripger was made add‘uséd routinely in the venﬁral root
spiitting procedure as Aescribed above and consisted of the following: -
' NaCl: 7.071 g/L |

KCl: 0.354 g/L
NaHCO4: 2.10 g/L
KH,yPO,: 0.068 g/L (add last)
CaCly: 0.1666 g/L
MgCl2-6H20%pO.047 g/L

‘Glucose: 2.00 g/L . ) '

v

9)Statistical Analysis

All ‘values represent means * standard error of the mean.
Anaiysis'for statistical significance used both the Students T test (for
comparing different -animal‘ strains) de Analysis of Variance (for

i’
/

. : . .
comparing effects of the surgery within a mouse strain).

[
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RESULTS ‘ . ; )

1)TA MOTONEURON POGL CHARACTERISTICS - =

AYHRP Labelin

i)cohtrol muscle

.-

The numbegg and sizes of motoneurons supplyiﬁg gh;‘(TA) muscle
lof control and dystrophic mice are presented in.Table 1. In the dystrophic
| mice, there was a significant reduction of approximately 20% in the number
) of motoneuréns supplying the TA muscle when compared to the C57 mice. No
sig&ificaqt‘difference Qas observed between the motoneuron areas of the two
groupé. ' 1
Taﬁle 1 shows that fhe sample size is 24 animals in both the C57
‘and dy2]j groups. These refer to the unoperated sides of the twelve animals
from the ®partial denervation expefiments and the twelve animals from the
partial denervation/partial éxtirpation fPD/PE) experimehtst The groups of
.twelve are furthe; divided into 6 males and 6 females. Although the data

~

from the sexes were separated at first, no difference was found in any ,of .

theflmeasured parameters and the results from mice of. both sexes wefe
tcombined,

In a gi;en motoneuron pool, there exists both .alpha and gamma

- ﬁotoneurons. Therefore, if the individual cell soma areas aéé plotted on a

frequency distribution, a bimodal distribution with a clear separation of

the lafée (presumed alpha) and small (presumed gamma) motone;rons might be

expected, When this was done, the raw data for both the C57 and the dy2j TA

motoneuron pools lacked any sign of bimodality (Figure 2 and 3).
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FIGURE 1 - Motoneurons supplylng the tibialis-anterior muscle labelled
with horseradish peroxidase. Arrows point to - motoneuroris .
with nucleoli, indicating a motoneuron that would be counted (220X).
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TABLE 1+

. THE NUMBER AND SIZES OF MOTONEURONS SUPPLYING THE ANTERIOR
| TIBIALIS MUSCLE

NUMBER OF - MOTONEURON,
MOTONEURONS AREA (pm“).

C57 MICE (N=24) 141.943.3 . 264.8%12.9

dy2] MICE (N=24) . 109.35.2% 247.8+11.5

¢ data are expressed as means % standard error of mean

a= significant decrease (p < 0.05) when compared with control side



%

»

" FIGURE 2 - Frequency distribution. of soma areas in ‘the TA -
'motonﬁg)ron pool of C57 mice. Areas are plotted as raw data
(N=1610).
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FIGURE 3 - Frequency distribution of soma areas in the TA
motoneuron pool of dy2] mice. Areas are plotted as raw data
(N=1234). e .
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However, plotting the raw data of all the individual animals’ notoneuron

areas together could Cre:%e some problem§;§i;ce the:mean soma arcas of theo
individual animals varied. For example, ia'cs7'mouse #1 the mean soma area
could be 325 um? ﬁhile C57 mouse #2 hqd a méan area of 195 gmz. In mouse
#l, thélgamma motoneurons could then be in the range of 195 um? whereas in
mouse #2 this area would include the aléha motoneurons, This could tend to'
mask any sort of bimbdalicy in the distribution _if the raw data were
plotted in a frequency distribution. A technique'was then sought to givé a
clearer description of the diétfibution. The raw data from each indl#lduni
animal was converted to a percent value of that individual animal’s mean
somal area so that the dema areas from all animals could be pgrouped
- together. Figure 4 illustrates the frequency distribution of the (57
animals' mean soma areas plotted in this way, However, even whfé this was
doné, there was no indication of a bimodal distribution. Since there was a
lack of bimodality; a precise estimate of the percentage of alpha nnd‘ganmm
motoneurons could not be determined. All the tables reporting the TA
motoneuron pools therefoﬁf, are total numbers Including both alpha and
gamma motoneurons. |

' The dy2j motoneuron areas were converted to the perchgt value of
the individual means as above. However, once again, there was no signs of a
bimodal distribution as- illustrated in figure 5. When one compares the mean
soma area of the TA mot;neuron'pool of C57 mice with that of the dy2j mice,

-2

there was no difference (p=0.05) between the two groups. ‘
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FIGURE 4 - Frequency distribution of soma areas In the TA motoneuron

pool of C57 mice. Areas are plotted as a percent of the individual animal’s
mean soma area (N=1610). -
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FIGURE 5 Frequency dlstrlbutlon of soma areas in the TA motoneuron“

pool of dy2j mice. Areas are plotted as a percent of .the individual
~animal’s mean soma area (N= 1234)
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ii)Parcial Denervatiog

-

Table 2 displays the ’effec; ofl partial denervation on the
Anumbgrs and-si;és of motoneurons supplying thel tibialis antegior muscle in
both C57 and dy2j mice. In 12 €537 mice, the mean number of metoneurons in
.the TA muscle was significantly reduced (psd.OS) from 140+6 motoneutons to
82+V" motoneurons folldﬁing partial denervation.

The dy2j motoneuron pool was also significantly reduced as a
result of the partial denérvation'surgery. In the dystrophic motoneuron
pool, (N=12), the mean of 112%T ﬁotoneurons observed on the unoperated s}de
was significantly reduced ‘(ps0.0S) te 60+5 on che partially denervaﬁgd
side. The exﬁerimental procedure achieved an almost identical degree of
reduction in the motoneurons ir both €57 and dy2j.

Table 2 also shows‘th; mean soma areas on the unoperated and
partially denervated sides of the €57 and dy2j mice, In the C57 mice, there
was a significant increase (p<0.03) in the motoneuron soma area. The
overall mean soma area on the unoperated side was 2&5i19pm2 and this value
increased significanctly to a value of 299%16pm2 with partial denervation.
In the. dy2j mice, the mean soma area was 235i18pm2 on the unoperated side
aqg this wvalue increased significantly to 292ii8pm2 with ﬁartial
denervation. Therefore, following partial denervation, there is a decreased

motoneuren supply to the TA muscle accompanied by an increase in the soma

area of these neurons in both the €57 and dy2j mice.

) .
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TABLE 2

* THE EFFECT OF PARTIAL DENERVATION ON THE NUMBER AND SIZES OF

St MOTONEURONS SUPPLYING THE ANTERIOR TIBIALIS MUSCLEo

,/f/T‘_—H“‘\\\ . : NUMBER OF MOTONEUROE

~ MOTONEURONS ~ AREAS (pm*}
‘ CONTROL SIDE 140,3%6.0 2@5:111 -
C57 MICE PARTIALLY (fﬁ/Sh\\
(N=12) DENERVATED SIDE 81.5%9.6% 298.5515.9°
“ PARTIAL DENERVATION | - 57.6%6.1% 126,3¢t

AS % OF CONTROL SIDE

(

CONTROL SIDE 111.8+2.7°¢ 235,417 .6

L dy2j MICE ~ PARTIALLY a ’ b

(N=12) DENERVATED SIDE 60.4%5.4 291.8+17 /6"
PARTIAL DENERVATION 49.1+5.1% 127.3¢%

' AS % OF CONTROL SIDE

I+

+ data are expressed as means standard error of mean
a = significant decrease (p = 0.05) when compared with control side

b = significant increase {p

1A

0.05%) when compared with control slde

¢ = significant decrease (p £ 0.05) when compared with C57 mice

t number of motoneurons_on PD side x 100

number of motoneurons on control side

t individual motoneuron sizes with PD x 100

mean of contreol side for that individual animal

.
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iiiS'OIdér Animals with Partial Denervation ) - ; '

With pgrt;al denervation, there was an iﬁcrease in the ﬁean-soma
area ;hen compared t; the unoperatéd sidelin both CS? and dy2j mice. To
enguré that this was 1not a transient response to nerve démage of
reinhervation; the numbéf and sizes#of motoneurons in the TA muscle pooi

'was determined for animals that had been partially denervated and left to ©
recéver fér.eighteen months. Table 3 indicates that eéen after an 18 month
;ecovery'from partial denervation, in both the C57 and dy2j mice, there is
a significant reduction in the motoneuron suppiy to the TA.. This 1is
accompanied by an increase in the soma area of these remaining neurons.

iv) Partial denervation/Partial extirpation (PD/PE}

»

Table 4 shows the eff?ct of the partial denervation accompanied
by a partial"ektirpation of the tibialis anterior muscle. Th;\number and
the sizes of the motoﬁeurohs on the unoperated side of both C57 and dy2j
mice are similar to those that were observed in the f£first set of
experiments-and-are combined in Table 1.

2

The effect of the PD/PE surgery on the number of motoneurons
supplying the TA muscle 1Is very similar to that of the parcial denervation
surgery alone. On the unoperated side the mean number of motoneurons in the
C57 mice went from 142%4 to a significantly redﬁced (=0.,05) 661u
motoneuvons. The same degree of reduction in motbneuroﬁ pool numberé was

' . .
observed in both the dy2j mice and the C57. There were 114%2 motone;rons on

the unope;at&d side and only 55%4 motoneurons on the PD/PE side of the dy2j

mice.
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. TABEE 3

THE EFFECT OF PARTIAL DENERVATION ON THE NUMBER AND SIZES
OF MOTONEURONS sungvmc. THE ANTERIOR TIBIALIS MUSCLE

OF OLDER MICE» .
¥
"\\L. -
NUMBER OF MOTONEUROY
MOTONEURONS  AREAS (um®)
CONTROL SIDE © 145.7+13.6 218.946.1
*cs7 MIcE PARTIALLY . : N
(N=3)  DENERVATED SIDE 76.7£20.7%  312.7%7.2
PARTIAL DENERVATION 51.5+9.1% 144,74
AS % OF CONTROL SIDE
CONTROL SIDE 113.0%4.9° 260.3%10.8
" dy2j MICE PARTIALLY " b
(N=5) DENERVATED SIDE 71.0%11.5% 339.7+12.4
L]
PARTIAL DENERVATION 63.4416.93 ' 132.5%
AS % OF CONTROL SIDE

¢ data are expressed as means * standard error of mean
a = significant decrease (p < 0.05) when compared with control side
b = significant increase (p < 0.05) when compared with control side

¢ = significant decrease (p = 0.05) when compared with C57 mice

number of motoneurons on PD side x 100

number of motoneurons on control side ‘-’/,,f
individual motoneuron sizes with PD x 100

mean of control side for that individual animal

w
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When one examines the effect of the PD/PE surgery on the.
motoneuron soma areas,-iq‘is evident tﬁgg“Ehggp/is ne significant change

' %

(p=0.05) in the mean soma area when compafing the operated side with the

+

uncperated sidg in both the €57 and the dy2j mice as shown in Table 4.

B)Physiological Recordings

The first attempt at measuring the number and size Sf motor
units in the TA following partial denervation was using the method of
ventral root splitting described in the Methods section. Akmajor problem
occurred with this procedure since it was impossible to iéolate a filamént
which contained a single uﬁit; With muscles having fewer motor units, this
difficult; should-not arise '~ as indicated by the.suqcessful‘reporté of
ventral rﬁot splitting on the mouse EDL.(Bateson and Parry 1983) and on
the mouse séleus (Lewis et al, 1982, besypris 1986). However, soon after
EPe length-tension relationship for EDL was established with the ﬁuscle set
gk optimal length, the tensiqn following indirect stimulation dropped. This
occurre; over a period of ten to twenty minutes. The tension decreased EO
less Ehan 508 of the maximal tension initiélly and then slowly dropped.
Consequently, these experiments were discontinued and determination of -the

number and sizes of motor units by a morphological techmique was attempted.

f
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TABLE 4

THE EFFECT OF PARTIAL DENERVATION WITH PARTIAL EXTIRPATION
(PD/PE) ON THE NUMBER AND SIZES OF MOTONEUFIONS SUPPLYING
THE ANTERIOR TIBIALIS MUSCLEo

—

fal

NUMBER OF  MOTONEUROY
MOTONEURONS .  AREAS (sum Eﬁ::—' '
CONTROL SIDE ‘ 141.8%4.2 250.7*14.5
€57 MICE ‘
(N=12) PD/PE SIDE 66. 34492 255,7419.1
PD/PE AS % 47.8%3.43 . 102.8
OF CONTROL SIDE \
CONTROL SIDE 113.8%2.4° 257.3416.3
dy2j MICE A
wib. (=12) . PD/PE SIDE ' 54.843.7 247.9%20.5
. PD/PE AS % 48.2+2.9% 98.9
OF CONTROL SIDE

+ data are expressed as * standard error of mean

a = significant decrease (p = 0.05) when compared with control side

{

b -;significant decrease (p = 0.05) when compared with C57 mice

$ = individual motoneuron number with PD/PE x 100

motoneuron number on control side

- individual motoneuron sizes with PD/PE x 100

mean of control side for each individual animal
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. : . .
2) Soleus Muscle Injections , .

< . To examine the possibility of a mechanical or ?Ebhgiiii/frror .

accounting for the lack' of bimodality in the TA mofoneuron area
distfisutions, HR? injections were performe@ on the soleus motoneuron popl
whe;e a bimodal distribution has already been cited (Parry et al. 1982;
Lewis et al. 1982; Desypris 1986).: Three animals were subject to
intramuscular injection of HRP with the same protocdl as described for the
TA.-A total of 87 motoneurons were counted and sized indicating a mean of

29 motoneurons supplying the soleus muscle. The frequency distribution of

soma areas are in Figure 8. The plot suggests that a bimodal distribution-

of the soma areas is present in the soleus motornucleus.

3) Histology

‘a) Muscle Fiber Counts

Figures 9-10 show the normal and partially denervated tibialis
anterior muscles in both €537 and dy2j mice stained with H and E. All the
photos except-figure 10Qd (which was 440X) were taken at a magnification of
220X, In the C57 mice, there Qas a relatively smali range of fiﬁer sizes
‘and nuclei are at the periphéry of the muscle fibers, However, with partiai
denervation, the fibers were more variable in size. Occasionally, areas as
indicated in Figure 9C, ‘;ere seen where ;uscle fibers became necrotic
during the two months following partial denervation surgery. The situation
in the dystrophic muscle was‘mOfe complex. Figu;e iO shows the TA from a
dy2]j mou;e which normally exhibits variabiiity amongst the fiber diameters

) . -

|
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PERCENT OF OBSERVATIONS

Figure 8- Frequency ~ distribution of ‘'soma areas In the
soleus motoneuron pool. Areas are. plotted as a percent
the individual animal's mean soma area (N=87).
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Figure 9- Muscle section from the TA muscle of a:C57 mouse stained with'

Hematoxylin and Eosin. Figure 9a- unoperated, control muscle. Figure 9b and .
9c¢- partlally denervated muscle following a two month recovery. Stars indicate
necrotic fibers. Note the small range of fiber sizes in the control C57 muscle
and the position of the nuclei (indicated by the arrows). Figure 9d- after a two
month recovery from complete denervation. Note the 'normal’ appearance of
many of the fibers indicated with m\circles. All photos are 220X magnitication. -







Figure-10- Muscle section from the TA muscle of a dy2] mouse stained with
-Hematoxylin and .Eosin. Figure 10a- unoperated muscle. Figure 10b,c and d-
partially denervated muscle following a two month recovery. Note the large
varlation In muscle fiber sizes, the presence of central nucleation (CN) and the
connéctive tissue inflltration (CT) and the massive degeneration of the muscle
tissue when partlally denervated. Figure 10 a,b, and ¢ are 220X magnification. .

_Figure 10d Is 440X magnification.
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as ueil as gentral nucleation (fegeneraﬁing muscle fibers) ana the presence
of connective tissue. However, withﬂpartiﬁl denervation the‘sitqétion in
the muscle froﬁ ché'dij mice was even .more complex. Many of the ﬁuscle
fibers were so small that it was very difficult to‘assess whetﬁer they were .
denervated, inﬁervated, degenerating or reg;nerating.

.When the muscle fiber‘composites were made, the fiber counts did
not reveal any significant.qifferences in " the C57 ﬁice when the unoperated
TA was- compared with the partially dgnervated TA (Table 5). In the dy2j
mice, no changes were seen between the two muscles (Table.Sj. However, some
caution is required Qhen interpreting these results. The:dij muscle fiber
counts included all the ve¥y small fibers which might'not be'inner&ated‘
muscle fibers‘(seé for exgmplg figure 10b;c). It seems likely then that
there was an overestimation of the number of muscle fibers in the dy2j
partially denervated muscle '(Figure 10b,c)..

b) Immunohistoqhemistry- NEAN

As briefly mentionhed, NCAM has been observed to be present on

the surface of denervated muscle fibers'(Rutihauser et al. 1983;.Covault
aad Sanes 1935; Moore and Walsh 1986; Walsh and Hoo;e 198é5. Staining for
the pnésence. of deneryated muscle Pfibéi‘s uses an immunohistochemical
technique with an antiboffy to NCAM. A number of experiments were performed
with this antibody. ﬁtese include staining of the following tissues:
embryonic muscle, partiélly denervated muscle (after four days and two

months), completely denervated muscle (after four days and two months),

normal €57 TA and unoperated dy2j TA wrapped in diaphragm. The figures of
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TABLES

MUSCLE FIBER COUNTS IN THE TIBIALIS ANTERIOR MUSCLE
OF NORMAL AND DYSTROPHIC MICE

C57 MICE dy?2] HIC%

CONTROL PD, PDx100 |CONTROL rn Phx100

.TA TA ~ CTA TA TA CTA

ANTMAL #1 2242 2132 895.1 1261 | 1272 100.9
ANIMAL #2 2136 2020 94.6 1773 2142 ~120.8
ANIMAL #3 2333 2221 95,2 1645 1710 1040
p .
MEAN 2237 2125 95.0 1557 1708 10Y.7

™
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% ] - .
each o6f these sections are shown in éigures 11-16. The hiétoiogical
sections stained with the anti-NCAM as ‘the 'fi:st antibody were then
labelled with a secondary FITC-labelled (fluorescent) antibody. A control.
staln was performed oﬁ the sectionsqin which, the primary antiboéy was
omit;ed, to determine the specificity for the NCAM iabeling. This helps to
indicate that the inten#e stai ing in the muscle fibers itself and
' A

surrounding the muscle. fibers”with the anti-NCAM primary antibody, is a
"

positive reaction with the ECAM itself.

As previously mentioned, embryonic muscle has .been shown' to
stai? positively with antibodies to NCAM since the muscle fibers have not
yet innefvated at the early stages cf neural development (Rutihauser et al.
1983;‘COQaﬁlt and Sanes 1985; Moore and Walsh 1986; Walsh and Moore 1986).
Staining of embryonic muscle was performéd to examine the specificity of
the_NCAH antibody since this has never been used in this laboratory. Figure
11 contains a muscle section composed of both embryonic. (day 14) hindlimb
and adult soleus muscle wrapped in %iizigfgm stained with anti-NCAM. The
section reveals the intense positive' staining around the entire muscle
fibers in the embryonic. tissue indicating that they not innervated as
expected (Rutihauser et al..1983). In the adult soleus muscle, none of the
muscle fibers reveal the intense pogitive staining around the muscle fibers

as expected.

80
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Figure 11-- Section of -embryonic hindlimb (E) and adult soleus'muscle A)
wrapped in diaphragm from a C57 mouse (220X). Figure 17a stalned with rabbit

anti-rat NCAM and goat anti-rabbit IgG FITC. Figure 11b- with goat anti-rabbit
1gG FITC alone. Positive NCAM fibers indicate embryonic muscle fibers have
.not been innervated. Positive staining is observed around the entire muscle

fiber.




- The partial denervation surgery removes part of the nervous
supply to .the TA. To examine which muscle‘fiﬁers are affected as a result

of the partial denervation.'two €57 animals were examined four days after

surgery. These animals were‘qubjecced to part&él denervation of the left
lateral politeal nerve, and a complete denervation of the‘righé lateral
popliteal nerve both pérformed'as in the methods section. After a foﬁr.day
recovery period, the TA muscles were removed, wrapped in diaphragm, frozen
"and sectioned. The soleus muscles were removed for control tissue. The
" muscles were stained with anti-NCAM to determine tﬁe randomness of the
muscle fibers denervated from partial transection;.Figure 12 shows this
technique of partial denervation seems to remove- mMOtor ;xons that
Innervate mainly the superficial portion of the tibialis anterior muscle.
This 15 i poréznt in examining the results since on; area of the musclé is
more affected than the other and therefore, thg parcial denervation is
tfply not aq;aﬁdom surgery. If any ;ype-grouping occurs with reinnervation,
it will ghe éeep in this area when the muscle is stained with ‘monoclonal
antibodies. Tbileill_be addressed in the next section. Figure 13 shows 'the
TA stained with anki-NCAM four days after 'complete denervation, This
experiment was performed to show the level of staining' in completely’
denervated fibers..Whéﬁ one compares the four day PD with the four day
complete denervation, it seems that there are no clear'd;sﬁinctions between

the two groups, suggesting that not all of the denervated muscle fibers

were expressing NCAM. : o
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Figure 12- Section of adult TA muscle from a C57 mouse four days after partial

. denervation (220X). Figure 12a- stained with rabbit anti-rat NCAM and goat antl- |

rabbit IgG FITC. Figure 12b- with goat anti-rabbit IgG FITC alone. Posltive fibers
are stained around the periphery and throughout the muscle fiber. -

L



Figure 13- Section of adult TA muscle four days after complete denervation
" from a C57 mouse (220X). Figure 13a- stained with rabbit anti-rat NCAM &nd
- . goat anti-rabbit IgG FITC. Figure 13b-with goat anti-rabbit 1gG FITC alone.
Positive (denervated) fibers are stained around the periphery and throughout
the muscle fiber. : .
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_ ‘Figure.lh ;hows the TA Eééined with anti-NCAM two months after
‘parcial dnnerﬁatioa. Véry few NCAM-pbéitive fibers were.fouﬁd'iﬁ these
musclés, che‘ very small, bright fiBers tebresentigg .déhervated muscle
fibers, - l o )
Even after eight weeks of denervation (Figure 15), 'mormal’ size
fibers were still present that did not.stain with antifﬁEAM._This clearly
mukes‘assessment of the tdtal number df innervated fibers after ;artial
denervation more difficult since some of the ‘normal’ (NCAM negagive) fibers
in the partially denervated TA section could be coﬁnted as innervated’
_ fibers but In fact could be deﬁervated. Therefore, any morﬁhological
estimate qf motor unit size would bé clearly overestimated. At this time,
the morphological assessment of motor unit size was abandoned and efforts
were éoﬁcencrated on trying to make assessmenﬂéﬁéﬁ‘thg\gpgouting ability of
the motor axons in the C57 mouse and oﬁ‘the factors controelling motoneuron
size.
Figure 16 demonstrates that there seems to be positive stainigg
of some of thé normal adult tibialis anterior muscle fibers and as well

many fibers in the diaphragm. This adds to the problem of determining an

accursate assessment~of the number of innervated muscle fibers.

b
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Figure’ 14- Section of adult TA muscle from a C57 mouse two months after
partial denervation (220X). Figure 14a- stained with rabbit anti-rat NCAM and
goat anti-rabbit IgG FITC. Figure 14b- with goat anti-rabbit IgG FITC alone.
Positive (denervated) fibers are stained around the periphery and throughout
the muscle fiber itself. These appear to be the small, very bright.fibers. Arrow
Indic)ates the same muscle fiber which stains positive for NCAM (denervated
fiber). ‘ ' ‘ ‘

S | ‘ | \




~ .

Figure 15- Section of adult TA muscle twb- months after. complete denervation
from a C57 mouse {220X). Figure 15a- stained with rabbit anti-rat NCAM and =_
goat antl-rabblt 1gG FITC. Figure 15b- with goat anti-rabbit 1gG FITC alone. -
Note: most of the fibers appear NCAM positiye (denervated) but still even after -
two months, many of the muscle fibers look 'normal’ (NCAM negative) as

indicated by arrows.




Figure 16- Section of adult TA muscle wrapped In dlaphragm from a. 057 mouse . .
(220X). .Figure 16a-stained with rabbit anti-rat NCAM anhd goat anti-rabbit IgG
FITC. Figure 16b- with goat anti-rabbit 19G FITC alone Note: the prescence of
staining In the control tlssue making it difficult to assess denervated muscle

1
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¢) Immunohistochemistry- Myosin Heawy Chains

I

Figures 17 reveal that when the TA sections were stained with
the F5 antibody which detects the IIb muséle fiber type, small areas of

type groups occur. When stained with the other antibodies dete&ting‘type I

)
e
- 2

and Ila fiber types, no clear changes in:%he muscle. fiber composition were
observed with partial denervation when compared to the normal TA.
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Figure 17- Muscle section ot aduilt -TA from a C57 mouse stained/with myosin .
heavy chain.antibody F4 which labels the type lIb muscie fibers (220X). Figure .

17a- control TA muscle. Figure 17b- partially denervated musgle with two
month recovery. Note: these \are the same areas of the muscle. The random
dispersion Is not as .evident}with partial denervation, however, clear type-

grouping is not present.




DISCUSSION

1) Characteristics of the TA motoneuron pool

a) ﬂétoneuroﬁ Numbers .
1) €57 Mice

-

~  The number of motoneurons supplying ‘the normal C57 ctibialis
qnterior muscle is of interest since this number has'yet/po be quantified-
In thié strain of mouse, Using 'retrograde' transport of HRP, the TA
motoneuron pool in the C57 mouse contains approxim;tely 142 neurons
iné%uding botﬁ alpha and gamma motoneurons. Only one prpviousgﬁstudy, L
similar in both species and ﬁéthodﬁ,‘hag been répofted. Wassers;haff and
‘Kleiﬁebel (1988), using intramuscular inﬁectién of HRP, found a hean‘of

128428 motoneurons supplying the TA of an experimental group of 36 mice.

The authors do not mention whether this includes both the élpha and gammna
L

motoneurons or simply the alpha motoneurons. The strain of mouse was not
indicated but the numbers are very similar to those in this thesis.

Using HRP retrograde labeling, Peyronnard and Charron (1983)
.-e§amined the number of motoneurons supplying the TA of the rat. With a
sample size of five, they found a mean of 15918 }abelled motoneurons
follo;ing exposure of the motor nerve to HRF. Similgrly, in the rat TA
motoneurqp pool, using retrograde axonal gransport of HRP, Krishnan et al..
(1985) found values ranging from 140 to.las motoneurons, while Lowrie et
al. (1987) found 149 motoneurons. These numbers are comparable Qith those
presented in this thesis, espgéially when on; considers that the size of
.the rat: motoneuron pool has also'been shown to be larger in other hindlimb
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muscles in the rat when compared to the mouse (e.g. the soleus muscle

_(Ihompson and Jgnsen 1977), the EDL muscle (Gorio et al, IQBOf Guth eﬁ al.

»

1983). .

'

Harris and Wilson (1971) wused the physiological recordiny
: ‘

technique of incremental stimulation of the sciatic nerve to estimato the
g

number of motor units in the tibialis anterior muscle of the ReJ 129

[
)

strain of mouse. This technique involved first finding the threshold

stimitlation voltage applied through an ‘electrode placed on the sclatie

‘nérve. Once the threshold was recorded, the stimulus voltage was gradually

increased until an increment in the twitch tension was recorded, l.e. a
single motor unit. This was performed until the first four incremental
tensions were recorded and“then the stimulus was increased and a series of
summated-motor units was recorded. Following this, a maximum stimulus was

applied to the nerve and the resporse was recorded. By divlding the

maximum twitech tension of the whole muscle by the mean value of the flrst

four ipcrements, it was estimated that the TA contained:.214 motor units.
- »

This number is much greater than the estimate in this thesis of the same
motoneuron pool especially when considering.tﬁat the HRP method includes
bothlthe alpha and the gamma motoneurons, and the physiological procedurc
only yields the number of alpha motoneurons. This large discrepancy may bhe
attributéd to several factors. First of all, different strains of mice

were used. However, since there was such an enormous difference between

the two populations, the results of the study of Harris and Wilson (1971)

!

may indicate sciatic nerve incremental stimulation leads to an

dverestimation of motor unit numbers at least in the larger muscles., In

92



‘these'experimentg, ch; number:of motor.units were based on estimates from
a sample of only‘four units (che.firét fou; increménts recorded). In a
lérge muscle such as the tibialig anteriof. this would représent‘a ve?y
'small prqporcion\sﬁ,khe total numbgr of units. Thi's y a;codnt for the

great overestimation in the number of motor units in the TA estimated by

1

K
. ~
Harris and Wilson (1971). Perhaps in small muscles, where a sample of four

motor units represent a 61argér proportion of the total motor unit

population, the method of incremental stimulatiom of the sciatic nerve can

be used in.order to determine the number of motor Units.
“ 5

ii) Dystro hic dy2 Mice

The number .Bf motoneurons in the tibialis anterior muscle of
dystrophic mice has only been examined in one other.study. This was the
study of Hérris and Wilson (i971) discussed above with iqcremental
stimulation of the sciatic nerve. These authors found that the dy/dy TA
motoneuron pool contained a mean of 63 motor units. This is much smaller

", .
than the estimate in this thesis with the dy2j mice of approximately 111

‘motoneurons. There are. several important factors to consider when
comparing these two studiést As previously stated, the method of
inﬁremental stimulation onl;_estimates the number of alpha'motoneurons

while the results in this thesis include both alpha and gamma motomneurons.

The strain difference between the two experiments may play a more

"
*

significant role when comparing the TA motoneuron pools from the dy2j pool

with the dy/dy (Harris and Wilson 1971) pool. The dy/dy strain of

-

dystrophic mouse is known to be more severely affected by the dystrophic



" process than ‘the dy2j strain, thus motoreurof populations may be even more
réduced qhan_iq the dy2j mice. This cquid-potentially contribute to the
significantly reducéd number of motoneurons recorded by Harris and Wilson

‘ln the dy/dy mouse. As in the C57 mice tﬁe larée discrépancy may still
rest in the fact chat incremental stimulation of the sciatic nerve is not

. 2 . ' :
an accurate method for determining the number of motor units in large

Lol

muscles.

111)_057 vs. dy2j Motoneuron Pool Numbers

| When comparing the motoneuron pool numbers in the C57 and the dy?]
TA, there is approximately a 20% reduction in the number of motoneurons In
the dy2j mice. This is in aggreement with other séudies using HRP to
quantffy other motoneuron pools of béth 657 and dij mice,

Paéry et al (1982) observed a 20% reduction in thc number of
motoneurons supp1y1;é~the soleus muscle (a slow-twitch hindlimb muscle) of
the dy2j mouse when compared with the G57 mouse. Using the HRP technique,
21 motonéurons were found in the G537 soleus motoneuron pool, while there
were only 17 motoneurcns in the dy2j motoneuron pooi. These nurilers

'

include only the alpha motoneurons and therefore, reflenn_nb& number of
|

ﬁ;tor units- in the soleus muscle. These results are similar'EB"Ehose of

Law {gnd Caccia (1975) where physiologic:?\recording parameters were used

to exf;Lne the number of motor unlts in the sgleus muscle of both the ReJ

129 and the dy/dy mice. Physiological recordings indicated a 27% dd%rcase

in the number of motor units supplying the soleus muscle of the dy/dy mice

when compared with the normal mice. The mean number of motor units: in the
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soleus of control micé was 22 th{s in the d&(dy soleus, 17 motor units
were observed. Evi&ence from both physiological (Law and Qaccig E975) én@
morphological studies (Parry et al. 1982), indic.ate a significant
reduction in theunmber of motor units in the soleus muscle.pf dystrophic
mice when Eombared to age~matchéd normal mice.

Rateson and Parry (1983) Examined the nymber of moﬁor'units in

‘both the C57 and the dy2j extensor digitorum longus (EDL), a fast-twitech

-

. Ed ' . .
muscle in—the hindlimb, using the physiological recording method of’

-

ventral root splitting. Most of qbe motor units in the dy2j mice developed

smaller than normal tu%sions.butaonly two of the *dy2j animals showed a
reduced number of motor units in the EDL." These two mice ﬁad the most
advanced cases of dystrophy. Bateson and Parry (1983) suggest that the

appérent reduction in the number of motor units in these two mice might

have resulted from some of motor units becoming so small that they could

not be measured.

Parry and Falconer (1986) examined the motoneuron pools of the

flexor carpi ulnaris (FCU}, a, forelimb muscl§4 in both C57 and dy2j mice,

'
¥

using the method of retrograde axonal transport of HRP. C57 mice had a

. t 3
mean of 35 neurons in the forelimb motoneuron pool, while the dy2j mice

had a mean of only-26.5 motoneurons. This was the first study on a

bl L]

forelimb muscle from a dystrophic animal. The results show that the
dystrqphic process manifests 4itself in the same manner in both the
hindlimb and the forelimb muscles. Unl%ke the forelimbs, the hindlimbs of
Ehe dy2j mouse display sponténeous activation which is observed as

/ . . - @ : A
/ constant twitching of the hindlimbs.®This .continuous action potential

-
N
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' generation is chought~t§ be of neural origin arising from amyelination of

a ¥

the spinal lumbar roots (Rgsm%nék& 19785. The amyelination éghses spread
pﬁ\the signal currénF and a so-called state of “cross-t;lk" qflses. The
final. result is the Acontinﬁous activation -of the hind lipb muscles
{Rasminsky 1978), Since the reduction of the motoneuron supply® L's ‘evident
in both the forelimb_and the hindlimb.muscles;-Parry and Falconer {(1986)
» :

suggested that the spontaneous-actfvity of the hindlimbs does not scom to
be the primary reason for the cﬂanées in the dy2j_motoneuron{pool. The
reducEd ﬁo;qﬁeﬁfon supply may be more a reflection of the dystrophic
process itself and not the actlvity or use of the muscle,

This. reduction in motoneuron numbers.in the dystrophic mice, is

not unique to the laboratory animal. Past studies on patiénﬁs afflicted

with muscular dystrophy have also indicated a reduced motoneuron supply to

the muscle. It would seem likely. that this rediction is more a reflection

of a neural abnormality associated witq the disease rather than simply
being canfined to the dystrophic lab;fatory animal. For example, In
patients affected with Duchen;e muscular dystrophy (DMD), limb-girdle (LG)
and facioscaéulohumeral (FSH) dystrophy , McComas et al. (1971A,B,C, and
1971D, 1975, 19779 have found reduced number of motor units in the thenar,
a hand muscle, and two muséles in the hind limb, the extensor digitorum
brevis (EDB). and the soleus, when compared=with age-matched normal human
subjects. However, they reported normal value r the nqmber of motor
units in the hypothengr (a musclé in the hand) fro;:patients with DMD, LG,

and FSH. This is of particular interest since in‘patienCS afflicted with

axonal peripheral neuropathies, the hypothenar iz the only muscle that is
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not affected ;s well. In other studies on patieﬁts witthﬁQ:_LG. and FSH
dystrophy, both Ballantyne and‘ Hansen (197&); Panayiotopouigs_ et al.
(1974) _and Panayiotopoulos and-ééarpaiezos {1976) found nb;mal numbers
of motor wunits in the EDB muscle both using physiologlcal recording
techniques. McComas and associates (1975;1977;1988)¢.Criticized these
studies since the number of patients that were examined wa; much lower in
both these studies: The discrepencies may be caused by 'ﬁhe disease
nffectlég each patient differently. Some may be severely affected and
others may not.-Patients afflicted with myotonic dystrophy consi;£eﬁtly
showed losses of motqg/unfts in the EDB (Mcéomas et al. 197lc; Ballatyne
and Hansen 197&; Panayiotopoulos and Scarpalegos 1976), soleus (McComas et
al. 1974), thenar and hypbthenar {(McComas et al. 1978) dystrophic muscle.

The .results of motor unit counting expeéiments have provided
evidence fof similar occurrences among both the dystrophic laboratory
animal and humans afflicted with the disease. Boéh the patients and animal
afflicted with dystrophy have shown evidence for a reduced number of
motoneurons supplying the muscle. These results suggest that there‘is a
degenerative neuropathy,associated‘with muscular dyStrophy. Whether this
occurs as a primary neuropathy or as a primary myopathy still remains
unanswered in both human and murine dystrophy.

Some suggestion of a neuropathic origin of murine muscular
dystrophy has come from several studies where reduced axon counts have
been observed innervating the hindlimb muscles of the d}strophic mouse.

-

This is a partial explanation of the reduced number of motor units that

-

have ben shown in the dystrophic animal (Harris and Wilsen 1971; Batéson
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and Parry 1983; Desy#ris 1986) . Harris et al, (1972) found reduced numbers
.of axons of all sizes inngrvaﬁing the TA of the dy/di mouse, Similarly,
Law and Atwood (1974) have shown the dy/dy mouse had a 20% reductldn in
the numbér of myélinatad nerves innérvating the soleus muscle when
compéred to the qormar ReJ 129 mouse, Moﬁtgomery and Swennfehuk (1977
examined the numb of myelinated axens in the ﬁormnl and dy2j dystrophic
mouse. In the elinated axon coﬁnts. the scleus muscle was used as woll
és the fagt-twitch plantaris muscle. Axon counts wevre  progressively
reduced in the nerves to both muscles. However, Iin the soleus muscle, a
significant reduction was observed between one and two weeks of age, while
in'thg'plantaris,'significant reductions were only seen after the mice
reached six weeks of age. In the soleus muscle a 20% reduction wn;
observed while ingthe plantaris only a 10% decrease was shown. These
studies provide additiogal support of a neuropathy associated gith the

-dystrophic process,

I ould be mentioned that there 1is evidence of a myopathy
associ;:;z-:ft;‘;:;;;;\dystrophy as well. Montgomery and Swenarchuk (1977)
also examined muscle fiber counts to examine any myopathic effects of the
dystrophy on the mouse. Muscle fiber counts were made at 1, 2, 4, 15, 24,
and 72 weeks ‘;n both the slow-twiteh soleus muscle and fast-twitch
extensor digitorum longus muscle (EDL) muscle. Early reductions.were s;en
in the dystrophic muscle fiber counts in both the soleus and EDL. In the
soleus muscle, the reductions did not become significant until fifcteen
weeks of age where a 37.4% reduction was noted. At 72 weeks a significant

reduction was. still observed. In the EDL muscle, a somewhat larger

n
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reduction in muscle fibers occurred. The reduction seemed to start at a

it

later stage of development in the fast-;witch‘muséle. The EDL shoqed no
significant reduétions-until 15 weeks of age when the reduction was 46%
and bersisted up to 72 wegks. There seéms to be a more drastic fédu;tién
in the muscle fiber couﬁts when compared to the‘chénge; in the nerve axon
counts with_fystrophy. Whether this is a direct effect of the dysérophy on
the muscle ot the fact that théré_is a lack of neuromuscular connectfo“
with the muscle.(inairept effect), is not conclugive5

qéllup‘ and Dubowitz (1973) examined the dystrophic process by
using a tissue ‘ulture technique., Four series of nerve/muscle cultﬁreé
were used consisting of an explant of a cross—sec;ion of spinal cord aﬁd a
bundle of muscle fibers from either a normal or dystrophic mouse. The foﬁr

series used were as follows: normal nerve/normal muscle; -—ormal

.

nerve/dystrophic muscle; dystrophic ﬁerve/normal muscle; and dystrophic

v

nerve/dystrophic muscle. The results show two particular items of

¢
v

interest. First, with normal nerve and either normal or dystrophic muscle,
muscle in the tissue cultures appeared normal morpholqgically. Secondly,
" when a dystrophic spinal cord was placed with either normal or dystrophie

muscle, regeneration was severely affected with very few myotubes present
4

in any of the culturesT~Since all humoral, vascular and higher central

ne
. \~\'

nervous system inputs were absent, these experiments duggest that neurons

‘

in the spinal cord are capable/of producing the myopathic state of the

. L
muscle in dystrophy. The authoré\ifated that in the dystrophic spinal cord

- .
.

cultures, the neurons appeared normal with normal neuritic outgrowths. but

failed to form neuromuscular junétions. They also suggest that the study
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séems to indicate a neuropathy associated with muscular dystrophy.
. : " on

Tissue culture experimgnts shoying the converse have also been
extensively found. These anlude the studies of Hamburgh et nlp.61975)

where; cb-cultures bf.emg;yontc ﬁuscle and spinal cor¢ showed that when
normai muéclekwas culbufed with either dystrophic foetal or normal splnal
cord, regenegation ocdur;ed. When control nerveé were coupled wldFﬂhoth
dystrophigﬂggﬂ]normal muscle, the control ne¥ves could not reverie the
dystrophic signs present in the affected muscle. These studies show the
- .
continuing controversy as to the etiology of muséular dystrophy. Whether
the cause 1is % primary Eéuropadur Or a primary myopathy. cxperimentnl
results indicate that a neural abnormality is associated with muscular

dystrophy.

b) Motoneuron Sizes

i) Lack of bimodality

Figures 2-5 show that‘bimodal distributions were not evident when
TA motoneuron areas were plotted as the raw data and as the % of the mean.
There are several factors that should be explofed to determine why
evidence for a biﬁsdal_distfibution améng the TA motoneuron areas was
lacking. Three types of motoneurons have been shown to exist. These.arc
the alpha, gamma, and beta motoneurons, The alpha motoneurons also called
the skeletomotor motoneurons are the largest of the three types of

motoneurcns and innervate the extrafusal muscle fibers. The gammz’ or

fusimotor motoneurons are the smallest and responsible for innervating
the intrafusal muscle fibers (the muscle spindles). Beta motoneurons are

intermediate in size, with their range in between the size of the alpha
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and gamma motoneurons. Beta motoneurons have been shown to imnervate both

the intrafusal and the extrafusal muscle fibers. The alpha and the gamma
' . : - - ‘ IS

motoneurons have been extensively documented in mammalian muscles. While

the beta or skeletofusimotor motoneurons:have been found extensively in

the ,lower vertebrates (amphibean-Murthy and Taylor 1978; reptiles-éroske

197%; Cliff and Ridge '1973; Proske and Ridge‘.197a; Proske énd Walker
1975), the evidence for beta‘innervatio; in mammals is limited to fewer
specie; andhfeﬁerlmuscle groups, _}n mammalian studies, beta mﬁtoneurons
have previougly been shown to exist in lumbrical muscles of catT(Bessou et
nl.\1965) and rabbit (Emonet-Denmand et al. 1970), in the cat hindlimb
muscles_(Emﬁnet-Denand et al. 1975, Emonet-Denand and Laporte 1975; Br;wn
and Butler 1976; Burke and Tsalris 1977; Grill and Rymer 1987; Scott 1987)
and in the caudal tail muscles of the rat kKidd 1964; Andrew and Part
1974). A unimodal distribution might be seen if the TA has beca
motoneurons contributing to its innervation. Since these motoneurons are
intermediate in size, when the cell areas are pleotted as a £frequency
distribution, an apparently unimodal distribution may results from the
-overlapping of these three populations.

Absence of a bimodal distribution in the TA is not uncommon. When
tPeyrohnérd and Charron (1983) used the retrograde labeling technique to
examine the TA motoneuron pool in the rat, they reported that onl? three
out of five animals showed a bimodal distribution with a clear separation
of the small and large motoneurons. Similarly both Krishnan et al. (1985)
and ﬁgwrie et gl. (1987) reported unimodal‘distribﬁtions with the rat TA

motoneuron pool,

-

/
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HRP undiés on othe; hindlimb muscléé, confuse the situation even
more. Bimodal distributions have been shown in the motoneuron pools of
feline medial gastrocnemius and _soleus‘ muscles (Burke et al, 1982),

murine soleus muscle (Parry et al. 1982) and . medial and lateral

gastrocnemius muscles in the rat (Swett et al. 19862.Q3n the other hand,

unimodal distributions- have been shown in the forelimB motornucleus of -

o

mice (Parry and Falconér 1986),the tibial and peroneal motoneurcn pools of
the rfat sciatic nerve (Swett et al. 1986) and the rat ﬁlantar motoneuron
pool (Crockett et al. 1957).

| Masking of a bimodal distribution might have occurred 1if therc‘wns
mechanical error ié the processing of the data, in the data collection
itself, or the techn;cal procedure itself. As described briefly in the

‘results section, the soleus motoneuron pool was examined with

intramuscular injedtion of HRP in three animals. Since.this muscle u?s

successfully shéwn a bimodal distribution in its motoneuron supply with
this technigqg

there were {errors made with the technical procedure, then unimodal

distributiohs should be seen in the soleus motoneuron pool. The results.
. C

showed a mean of 29 motoneurons in the pool which is a sifmilar estimate to
the previous work done on this muscle (Parry et al. 1982, Lewls et al.
1982). When the cell sizes were measured andr plqttgd as a frequency
qistribution, the graph suggests that a bimodal distribution exists even
with such a small samﬁl; size,

Without a bimodal distribution,,it.is;very difficult to determine

"

the proportion of alpha and gamma motoneurons innervating the TA muscle.
‘ , \
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Without the .clear estimate of the number of alpha motoneurons, a

lmbrphological estimate of motor unit number and size bécomes very:
difficult. Since the numbefxof alpha motoneurons cannot be determined, a
.mofphqlogical estimate of motor unit size Becomes impossible.,

N 2

ii) €57 vs, dy?] motoneuroﬁs -,

Althouéh the results from these experiments show a 20% reduction

in the number of motoneurons in the dystrophic mice whgn compared to the

. s :
age-matched control mice, there does not appear to be any apparent'
difference in the size of the neurons between the two groups. Previous
studies from this lab on ﬁhe soleus (Parry et al. 1982) and.the'flexor
cgrpi ulnaris (Parry and Falconer 1986) fpuna that the 20% red@:tion in
motoneuron ﬁumber was accoﬁpanied‘By an overall increase in the mean soma
.size of the dystrophic motoneuron ﬁopulation.‘oﬁé_may ask wheéher the
increase in motoneuron size is a compensatory response to the dec;eased
number of motoneurons responsible for innervating the dystrophic muscle.
However, no increase in soma size was seen in the dystrophic TA. Perhaps
part of the reason the discrepancy lies in ghee—fact that the tibialis
7 antérior is ‘a much larger muscle than the soleus and the ECU. This could
contribute to some variability in the motoneuron pool distribution and as
such,.mask any significant increase in the soma areas. Another possibility
mxy be that the TA is clearly campartmentalized. The superficial portion
of the muscle seems to be completely uéaffected by the dystrophy while the
_deep portion shows clear signs of the disease. fhe TA motoneuron pool

|
could thereforé have a percentage of the motoneurons of completely normal
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size and when combineq_with the diseased néupons, thé increased soma sine
of these motoneursns could be mésked. .
2) Effect of Partiql Denervation

- In the statement of the pfqblem, {t was- outlined that the
original aim of this‘ thesis was to examine the effect of parcial
denervation on dystrophiec mice to assess the abiiity of thelr nerves to

sprout collaterals causing an increase in motor unit size. Two methods for

measuring motor ‘unit numbers ' and sizes were to be performed, one

physiological and the other morphological.

a) Physiological Recordings

" The first attempt at measutring the number and size of motor units
following partial denervation was, using the method of ventral roof
splitting described in the Methods section. Several problems occurred with
this prodedu&e in the TA since it was iméossible to isolate-g filament
which contained a single motor unit., Based on the_ motoneuron nunbers
determined in this thesis with HRP, the TA muscle Eight be expected to
contain ‘appraximately 100 motor .units (approximately 70% of the tortal
number of labeled motoneurons), It seems likely that when the ventral,root

is split randomly, it will require to be split in half as many as six

times before a single motor unit is isolated. For example: the first split

will give 50 units, the second 25, then 12, 6, 3 and finally 1.

Unfortunately, the ventral roots in the mouse are very small and splitting .

the root six times successively is extrémely difficult. With muscles
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having fewer motor units, this difficuley should not "arise as iﬁdicacad by
the successful reports of ventral root splitting on the mouse EDL (Bateson
aéd Parrf 1983) and on the mouse soleus (Lewis et'aln i982. Desypris
1986). | |
Since thé lateral popliéeal nerve innervates the EDL muscle along
with the tibialis anterior, thé sﬁrgical procedure will also partially’
denervate the EDL muscleé. Following the unsuccessful attempt; at ventral
root splitting with cthe TA, this procedure was tried on the EDL muscle
,Since as already indicated, this has been previously perférmed
succgssfuily {Bateson and Parry 1983). However, soon affer g%é length-l
te;;ién relationship for EDL was established wigh the muscle set at
opti;;l length, the terision following indirect stimulation dropped. This
occurred over a period of ten to twenty minutes. The ;ensioﬁ decreased
Consequently, these experiments were discontinued and determination of the

number and sizes of motor units by a morphologicdl technique was

attempted.

v

B)Morphological Methods

The morphological determination of the average motor unit size

for each individual animal was as follows:

# of innervated muscle fibers in the tibialis anterior muscle

# of alpha motoneurons
The introduction disc®tssed the changes that occur in motor unit size in

normal animals follfwing partial denervation. Since the calculations
derived from the formula above only give an average motor unit size, there
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cannot be any detailed descyiption of the actual size of the individual
motor units. The morphological method would simply show {f any changes

occurred in the mean motor unit size with partial denervation.

i) Hofsegg;:sh Peroxidase Retrograde Labelling

As ‘previohsly mentioned, when the cell areas were plotted as «a
‘frequency ‘distyibution, ‘a unimodal distribution was seen. This limits the
possibility éf obtaining a clear morphological estimate of metor unit size
since thif measurement requires the number of alpha motoneurons. The exact
number of each of the two populations could be found if a ctracer was

available that would exclusively label either the alpha or the gamma
-moéoneurons. However, no tracer of rthis kind exists at present, The only
method that coulg be used is to estimate the size of the gamma moﬁoneurons
from previously known bimodal populations. There is a possibility cthat -the
number of alpha motoneurons could  be obtained simply by dividing the
frequency distribution at this appropriate size. The socleus muscle ifuld
be used since a clear bimedal distribution has’ already been established
from this lab, using the same technique that is used in-.these experiment
on the TA. However, the soma sizes of the soleus motoneuroés (Parry et al.
1982) were quite.different from.those in this thesis.

In Figures 2-5, the motoneuron "soma areas are ploctted as a
frequency distribution in the unoperated TA and with partial denervation.

In both the €57 and the dy2j mice, partial denervation does not seem to

selectively eliminate any particular size of motoneuron. but simply shifts.
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the @iétribution to the rigﬁt. However, without the exact proportion of
‘the alpha and gamma motoneurons within the TA muscle, it is véry difficulc
. ' A

to ecxamine any selecti§ity that may occur with reinnervation, whereby one
.motoneuron -type increases 1its proportion of total innervation with
recovery frpm mnerve manipulatian..:Eollowing a “th;ee month fecovery from
SCiqgic nerve crush, Brushart aﬁd Mesﬁlam (1980) examined. the number and
.slzes of the motoneurons in the rat peroneal motoneuron pool by
intramuscular injection of HRP. Upon recovery,’only 69% of the motoneurons
had regained normal connectfops .with the ) periphery.t This decreaseq
motoneuron supply was due to a specific reduction in the number of small
diameter motoneurons. However, there was no change in- the size of the
remaining motoneurons. in.fhe operated pool, The authors suggest that with
reinmervation there may be some problems with the extent of gamma motor
control in the muscle and the speéificity'of_muscle reinnervation.

Previous work on changes in motoneuron profiles following nerve
injgy include “studies examining the presence of skeletofusimator or beta

innervation in cat muscles. Briefly, mammalian muscle spindles (intrafusal
muscle fibers) ‘will recelve innerva&ionf from specific fusimotor (gamma)
axons and from beta axons. Beta axons will distribute terminal branches to
both extrafusal and intrafusal fibers {(Jami et al, 1982). Brown and Butler
(1976) compared the reinnervation pattern in quh the cat tenuissimus and
peroneus longus muscles after ’SCiatiC nerve crush and following sciatic
nerve section. Upon recovery, they found an increase in functional beta
innervation in the nerve sectioned-animals when compared with both normal
animals and those with sciatic nerve crush.
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Hoﬁever, this'wqu was criticised by Scott (1987) who showed chuc
if the data from’_the two different muscles were separated, the results
were contradictory. Fol&owing nerve secéionﬁ the peroncus longus muscle
showed an increase in beta innervation while the;%enuissimus muscle showed
a decrease in beta ner§e supply when comﬁqred'with the normal and sclatic
crush‘ animals. For this. reason, Scott (1987) examined the effect of

.sciatic nerve crush and sciatic nerve section on the peroneus tertius (QT)
muscle. The peroneus tertius was chosen since the’ becQ+ nerve supp;y had
been pfeviously mapped .by Jami et al. (1982). ‘Spott (1587) found that

there was no change in the proportion of beta Innervation of the cat PT

muscle spindles following recovery from either sciatic nerve section or

- sciatic nerve .crush when compared to normal animals. Although these.

;zgults do provide some controversy, one should note that the possihility
of increased beta innervation in the muscle spindles following nerve
fectidn does exist. Since éhis thesis wuses a cechniqﬁe of parcial
transection of the °~ lateral pg&%tteal nerve, the possibility of an
increased beta innervation 1is -important. However, since beta imnervation
has not yet been shown to exist in the mouse hindlimb, no conclusions can
be ‘made regarding any change in the beta innervation pattern.

The lack of bimodality within the TA motoneuron population limits

the possibility of examining a preferential loss of either small (presumed

gamma) or large (presumed alpha) motoneur%Ps.

ii) Muscle Fiber Counts

-+

. The morphological estimate of the average motor unlt size not
\
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~ partially denervated TA. - ;

. - ) t

only requires the number 4f alpha motoneurons inneérvating the TA, but the

total number of innervated muscle fibers 'in the muscle as wellf ‘Froh

histological sections of the TA muscles stained with Hematoxylin and Eosim

(H and E), photographic composites were made to obtain an accurate count

1
- b

of the number of innervated muscle fdbers within the TA. "The counts are

-

listed in Table 5. Some cautign must be taken when éxamining these

numbers. Histological sections of dystrophic muscle cgntain connective

tissue and muscle fibers of variable sizes (see Figure 10). With the added
- f

n L

factor of partial denervation, many of the muscle fibers in the sections

from the dystrophic mice, were so small that it' was wvery difficult to

.

assess whether the fibers were degenerating, regenerating, denervated or

. . .
.\£reinnervated. The counts listed in Table 5 for the dy2j mice include all

of these vary small fibers and therefore. .the number of muscle fibers in
4 : :

.the dy2j mouse may be overestimated, particularly in cthe
!:.
]

the TA of

Some criteria were necessary to identify denervated muscle
fibers. To determine the morphological characteristics of denervated
muscle fib;rs, a series of‘experim;nts was performed in which the TA was
completely denervated and then examined histologically two months later.
However, when thoﬁ} séétions were examined, many of the mugcle fibers
égpeared ‘normal’ in both the Cé? ‘(Figure 9d) and the dyﬁj mice.
Therefore, even the counts of the TA from the C57 mice requires some addeq
attention. It does not appear that re?nnervation wés responsible for the

appearance of these ‘normal’ muscle fibers. Prior to removal of the
4 .

muscle, the sciatic nerve was stimulated in the region where the

+
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denervation occurred. No contractions were seen in the TA

]

muscle,
following indirect stimulation in all four mice. Moschella and’ Ontcil
‘ : B
(1987) found similar results when they examined the ecffects of chronic
denervation on the keJ 129 normal and dy/dy dystrophic m;cel Aftev- 100
days of «c ron{c denervation, there was a ‘loss of large musgln Fibars,
However, this loss was accompanied byl the appearance of many apparently
'normal’ fibers. They stated that almost 50% of the muscle fibers were of
‘normal’ fibeé size. The results from the completely denervated TA
experiments clearly make it difficult to accurately count the number of

innervated muscle fibers in both the €57 and the dy2j TA muscles simply on

the basis of size or other morphological characteristics in H and E

stained sections. It seemed clear at this juncture, that a staining

)

procedure that would - preferentially mark either cthe denerghted or

innervated fibprs would be needed in order to obtain a ctrue number of

-
finnervated muscle fibers in the TA muscle.
- '
<)
iii) Neural Cell Adhesion Molecule Experiments
NCaM, or neural cell adhesion molecule, has been shown to he

-

present on the surface of denerwated and paralysed muscle/ fibers. NCAM

A

seems to disappear when the muscle fibers become innervafed (Covault- and
: . .

Sanes 1985). If the muscle seépions are stained with éﬁéﬂéadieé directed

against NCaM, Fhen the number of denefvated muscle fibers in the partially

denervac;d and completelyldenervaCed.muscle sections can be asses;ed.

Covault and Sanes (1985) were amongst . the first to examlne the

presence of NCAM in mammalian muscle. They described NCAM as an integral
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membrane glycoprotein present under specific conditions on the surface -of
most peripheral and central nervous system nerves. 1{s appearance seems o
be' regulated by the state of innervation ,of the muscle. Tissues that

)

contain a lot  of NCAM‘ include embryonic (Rutihauser. et. al. 1983),
denervated and pafalysed (Covault and Sanes 1985) muscle fibers, while
sample; from normal and.reinnervated muscle will not stain positive for
NCAM (Covault and Sanes 1985: Moore and Walsh 1986). In denervated

museles, NCAM is expressed on the sarcolemma within the muscle fiber

itself and between the muscle fibers (Rutihauser et al. 1983: Covault and

Sanes 1985: Moore and Walsh 1986). NCAM is thought to mediate adhesion of o

neurons to cultured myotubes (vaau%t and Sanes 1985). More recently,
Booth and Brown (1987) have suggested that NCAM maf’bro#ide a stimulus for
terminal sprouting \Ehac occurs following partial denervation and after
paralysis.

The figures reveal some' unexpected results with the NCAM
hmnunohistoéhemistry. There seem to be some fibers in the diaphragm that
are NCAM positive (presumed denervated). These muscle fibers of ~ the
diaphragm do not show any reaction simply with the secondary antibody as
well indicating an immunohistochemical response 1is occurring wgth the
first -antibody. This clearly warrants some caution in interpfeting the
resulés. With partial denervation, there "is clear non-specific staining
as well. This made it very difficult to assess the total number of
innervated muscle fibers even with this stain. In the muscle from the dy2j

mice, once again the situation was confusing with non-specific staining.

The results seem to indicate that the very small,bright fibers may be the
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denervated.‘l muscle fibers, There seem to be very fgy of thesd filbers in
either the €57 o\r the dy2j partidlly ’denervaped muscle fibers.

Tables 1 and .3 shows the effect of pnrtfql denevvatlon on the
number of motoneurons in the TA muscle. The results show tHnt after a two
month recovery, the majority of the animals have 40-60% of thelr original
motoneuron pmlali ‘in contact with the muscle. Since the actual sizes of the
remaining motor wunits could not be measured, some attempts were made to
assess the sprouting ability of the TA motor nerves in the control C57
animal.‘ This was performed by staining.partially denervated TA secf:_lons
with arfti-NC.AM to determine whether any denervated muscle fibers remakined.
One €57 mouse had only 20% ol its original motoneuron supply remaining
foliowing partial denervation and ‘recovery. When stained with anti-NCAM,
only a few-' small muscle fibers were positiyely stained ™ Thisl seems, to
fndicate that the TA motor axons in the C57 mouse can increase thelr
peripheral fiel;i size by five times. Motor axons supplylng the TA muscle
may be capable o.f enlarging their peripheral field by more than five
times, but since‘ none of the mice used exhibited more than an 80% loss of
n':Stoneurons,f"ﬂ:his could not be determined in these - experiments. As
reviewed in the introduction, past studies examining the expansion af the
peripheral field following parlt_ial denervation have suggested that motor
units can increase their size by at least a factor of five (Thompson and
Jansen 1977: Brown and Ironton 1978; Guth et al. 1980; Gorio et al. 1983).
Therefore, the results presented in t:‘his thesis scem to confirm tlhcsu
findings in the tibi_alis anterior of the mouse.

Luff et al. (1988) as previously cited, s‘vcudied the motor units
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in cat fast-twiccl})"(flexor digitorum longus, FDL) and slow-twitch muscle

'
4

(
(soleus) 100 days  after partial denervation. Using the technique of
3 : ‘ ‘
ventral root éblittipg, they examined both the size and type of the motor

v v

units following the recovery ,period. When the individual ' motor unit t)-(pes
was " examined -in the FDL, he force development of the type‘ S units were
not affected by the partial cienervation surgery. In the fast-twitch motor
units, the FF type units increased th;zir motor unit force up to eleven
times when compared to the normal FDL units. Howéver., the :majority of
these@fast units increased between fwo to four times. The fast-twitch non-
fnti;;uable, .Fi{, motor units elicited force increases up to 19 tiﬁes, with
most of the units increasing between two to seveln. times. In the soleus,
the" S units increased up to sixteen t.imes the normal force with most units
increasing in force frolm. five to 12 times the normal. Luff et al., (1988)
concluded that the largest motor units that were observed in this study
‘were the maximum values that an individual motocr unit could sprout. They
N [ ]
based their conclusions on the- fact that when less than 15% of the motor
axons remained following partial deﬁervation, small -diameter (presumed
denervated) fibers were present. In the ‘ soleus muscle; this was
accompanied by a decrease. in the force produced by the muscle. They
concluded that there is a definite limit te the extent that motor axons
could sprout. These results are important since this was the first.
physiological study to show definite limits to -motor wunit expansion
following partial denervation. However, it should be noted that Cthese

authors used the presence of small, atrophic fibers as the only index of

denervation. The results presented in this thesis wusing the anti-NCAM
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suggest that caution should be used in making such an assumption.

1v) Immunohis‘tochemistlc:'i S
. Follc_;wing reinnervation after nerve section ang” crus Kavpati
and Engel (1968) were the firstl to observe that the motor units are
clumped into groups rather thah béing ‘randomly dispersed in the mL'tsclfd‘; As
reviewed in the introduction, 'Type-grou.ping,f has only 1 heen  shown
following partial “denervation when extensive numbers o‘f motor axons are
: ~

removed (Kugelberg et al. 1970; 1981; Narusawa 1985). To examlne the
ﬁresence of 'type-grouping’ with reinnervation  following partial
denervation Iin my experiments, the TA muscle sections were stained wi‘th
three antibodies, each recognizing a different myosin heavy chains (Ml.l.C).
These monoclonal antibodies were specific for type 1 (XIl1g), type LIA
(VIIllj and .type IIB (F3) myesin heavy chains. In t;_his: thesis, from 40-060%
of the motor axdns remained in most animals fo.llowing partial denervatlion.
When muscle se:;:ions were 'stained with tHe mo;’\oclonal antibedies, small
c.ornpact groups of muscle fibers of the same type were -noc clearly shown
(Figure 17). The figures show that there seem to be a few very small
cluml‘as of fibers of the same type in the sugﬁ;‘ficial reglon of TA. This Is
where the groups codld be expected since the NCAM sections (4 day post-
partial denervation) have shown that the muscle‘ fibers that become
denervatéd from the surgery are in this region (Figure 12). As 'stated by
Kugelberg (1981.), perhaps only when the majority of the axons are removed,
will partial denervation surgery Iinduce ‘type  grouping’ in the
reinnervated musc]:e.

! o _
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¢) Effect of Gender.on recovery from partial denervation

In the experir;ent‘s of Desypris (1986), following ac-ute
denervation of the 'soleus, In the female \dy2j mice reinnervation was
impaired'when coinpare_d with the male.dy_Zj mice. When the male dystrophic
mice were castrated, sex differences no longer occur'reci.. Yu and Yu (1983).
examined the effect of testosterone ‘proprionate on the hypoglossal nerve
of young rats following nerve cFush. Steroids were given to both the male
and female animals during the recoveryéeriod. Following recovery, steroid
treatment significantly promoteci. axonal outgroﬁ‘th as measured by an
Increase in the propm‘:tion of labelled hypoglossal neurons. In this
ches'is, the’ males and 'fe‘males were examined separately in both the €537 and
dy2j populations. However, no difference occurred in any of rthe measured
paramete\l.:s." This- enabled the male and female sample groups to be placed
together, increasing the sample size from 6 to 12.

-

1) Motoneuron Size and the Size of .the 'Peripheral Field.

'

a) Pla‘stic(it:v in _adults

In the Introduction of tl;e thesis, several physiological

parameters were related to the size of the cell body in the spinal cord.

Upon reviewing ‘the studies of factors relate(d to motoneuron size, there

have been several suggestions ofl a relationship between the size of the
. =

cell body in the spina]: cord and the size of the peripheral field. The

peripheral field refers to the number of muscle fibers that are innervated

by that particular motor unit. As previously stated, Hennéman et al.
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(1965) were the first to suggest this relationship when they _corrclaicd-

the diameter of a motor axon with the number of muscle Ffibers that {t
innervates, This was done indirectly wusing conduction velocity as an
indicator of axonal diameter and tension ‘production for moter unitc size.

This suggests that motor axon size is directly related to motor unit sizo.

diémetern of an axon has alreédy been shown to be a good
indicator of} soma size (Cullheim 1978), one can relate the motor unit sl?u
to motoneurpn size. This seems quite plauéible since a large motor unit
must have ,sufficientl axonal substance to give off a large numbﬁr of

. ) 4
terminals (Henneman et al. 1963).

1

Tables 2-3 show that there was a significant increase in the
mean soma area of tHe Eurviving motoneurons after parEial denervation.
Although every animal, both normal and dystrophié. showed an Lndfease In
the mean soma area individually, it was not always significant. Parcial
dener*ation effectively lowers the motédneuron ‘supply te the ctibialls
anteriof muscle and has been shown to cause the remaining motor units to
increase iﬁ size (Thompson and Jansen 1977;Brown and Ironton 1978). From
this one may ask, ydoes - this increase 1in motoneuron area reflgct a

1
compensaton% response to an Iincrease motor unit size as a result of

partial denervation?

Murphey et al. (1986) examkged cthe morphology of axotomised

motoneurons which had reinnervated their target tissue. Axotomy or nerve

section, was performed on the cat trochlear nerve which innervates the

superior oblique muscle. Following a 2-3 month recovery, Lntramuscular’

[ ]
injection of horseradish peroxidase was used to determine the number of
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motonedrgns which had reestablished their connections to the'periphery. In
normal cats, lthe trochlear 'moconeuron pOO} géﬁtaiﬁed 4Epprbxipately 1200
_ neurons. Following‘the.recovery period, éhe axotomised ‘motoneuron pool was
significantly' reduced to fewer than 200 neurons. This reduction was
acgompanied by a significant increase in the soma size of the operated
sid; motoneurons  when compared to the normal cell areasl. Murphej et al.
concluded that the loss of motoneurons due to the surgegyu-reduced
competition for Lhe target tissue (éeripheral field) which xesulted in
Hypertrophy of the_sufviving cells.

Klueber (1987) examined neuronal size within the mouse extensor
digitorum” longus ' (EDL) motor nucleus after orthotoﬁic transplantation of
the muscle. The extensor digitérum 1ongus‘muscle qassremoved from mice and
then soaked in bupivicaine, a known myotoxiﬁ ;gent and then reaftached to
its teédons. After a 100 day recovery peri%d, intramuscular injeééion of
horseradish peroxidase was performed to assess the number and sizes of
motoneurons in the operag;d muscle pool. Thelresults indicated that there
was a significant reduction in the numbers of motoneurons in the
.transplanted muscle pool accompanied by a significant increase in the soma
size of these remaining neurons. Many of the alpha motoneurons supplying
the grafts were twice the éverage size of the control population. Klueber
suggested that the increase in the number 6? large motoneurons resulted

from hypertrophy of neurons which had successfully reinnervated the
muscle, -

In the experiments of Klueber (1987) and Murphey (1986), a

technique . of axotomy was used. According to both Lieberman (1971) and
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Kandel a;ld Schwartz. (1981), .wichin 2-3 days followfng, nerve -section of
moter axons or dorsal root gaﬁgiion cells, the ’parenc motoncu-ro.ns swall.
Various changes occur within the motoneuron including movement of che. -
nucleus and .br.eakdov{n of -t:ht'—.'1 rough endoplasmic rveticulum. Biochemlcn.'lly.
there. is a massive incfease in prqtgin synthésis nccessnrz . for
' regéneration of the axons. Chromatolysis lasts from one to t.hree weeks and

"3
ends either in proper connections of the severed axons being restoved or

in atrophy and death’ of the motonﬁuron. Since both tt;esc cxﬁorimeuts
employ ne:r..’ve section techniques, whéreby damaged nerves regaln thelr
connections, chromatolysis may play a ro].e in the results [Sresentcd with
the hypertrophy of ‘the operated motoneurens.

Although chromatolysis has not béen documented following partial
deneérvation, iﬁ is possible that ir; may account for the "hypertrophy of the
motoneurons seen in the éxperiments in this thesis. Sinte the technique of
- partial denervation in this thesis involves direct “Contact of the. scalpel
with some of the remaining intact motor axqns, the possibilicy estLs that
some of the ren;a-ining axons were damaged. If so, the increased soma area
may simply be a trar}sient chromatolytic#response although since there {t
is not clear as to how long the motoneurons will remain swollen followlng

axotomy. Therefore, if the animals were left to recover for a. longer

period of time, the cell soma sizes should return to control values. A

4 L]

group of animals were left to recover for a period of 18 months following
A
partial denervation. The results are listed in Table 6. In bqth the dy2]

{N=4) and the €57 (N=4) mice, there was a similar reduction of motoneurons

was shown as in the two month recovery animals., This decreased number of
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mdtoneurons in the operated side accompanied by a significant increase in

the mean soma area of these motoneurons. Since the increased soma size

remained even 18 months after the surgery, the results suggest that this

-

was a permanent state for the motoneuron, unlike the transient state of

chromatolysis. It seems possible that the 1Increased soma size that occurs
. . . v . )

following partial denervation is a compensatory response to an increased

11 .
motor unit size as a result of the partial ‘denervation. Such an increased.

motor wunit: s.ize may be inferred from the decreased number of TA

. 1
motoneurons unaccompanied by a reduction in the number of innervated
muscle fibers (Table 5, Figure 14). |

It should be 'émphasized that the technique of Murphey (1986) 'ah'd
Klueber (1987) differs £from that ‘employed 1n this thesis; since with
partial denervation, the increased soma size occurs in motoneufonls that
are left intact. Both Klueber’s and Murphey's reSult‘:s are similar to the
results .of partial denervation presented in this thesis insofar as all
three reveal an increased motoneuronal area associated with a reduction in
the number of neurons Hinnervating the muscle. Do the results suggest that
the hypertrophy of the motoneurons is in fact caused by an increased moﬁ:or
unit size? If so, this would.lead one to speculate that mdto.neuronal area
may be linked in some way to the number of muscle fibers innervated {(i.e.
mdtor unit size).

To test this_. hypothesis, a second set of experiments were
performed on both €57 and 'dy2j mice. In this study, the mice were
subjected to a partial denervation (PD) of.TA. as described in the ‘met:hods
section bt_x't;lthig was accompanied by a partial muscle extirpation (PE) of

“
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'the TA. 'I‘f there is a relatioﬁship between motoneuron size and the slize of
the peripheral field as sugges.ted by the results, then since both the
- number of axons and muscle hfibers. will be ;:educed, motoneuron area should
not. increase.

Before examining the results of these experiments, p'mvious.
stud.ies on the relationship betwe;en motoneuron size and tﬁe size of ‘the

peripheral field in development will be discussed.

+

b) Developmental st.udies

When nerve c':rush is performed on animals during devalop.mcnt. the
'effecfzs are more drastic than in adult animals. Following nerve crush
immediately after birth, Romanes (1946)‘ was the first to st_\ot'd that fewer
ventral horn cells were counted.on the operated side when compared tc the
control side in the rat. Similarly, following nerve crush at birth, Zelena
and ‘Hnik (1963), found ‘fewer motor Lll:'lits in the soleus muscle  when

compared to the control side. This could be partly attributed to the
I
observations that there was a decreased number of nerve fibers supplying

the {soleus and the muscle it_self’showed a greatf{loss of weight. The sizes
of the remaining axons was reduced as well.

Bearcroft et al. (1983) performed sc_:iat:ic nerve crush on the rat
soleus muscle at birth. Four weeks later, the motoneuron pool revdaled a
drastic reduction in the number of motoneurons irﬁthe operated soleus
muscle when compared with the Icontralat:era‘l_ contrel side, When the soma
areas were measured, the reinnervated side revealed a slight reduction in

P
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size when compared to the control side. = However; when a morphological

estimation of motor unit size. was done, the motor . units in the normal,

soléus had a mean size of 70-90 fibers/neurcn, while the motor units ‘on.

the sclatic crush side had a pgreatly reduced motor unit size, only 20-50
fibérs/neﬁron; They also observed an increasé in the number of type I
fibers in the: muscle6 on the operated side. They concluded that the
motoneurons supplying type I fibers might have a Dbetter <c&hance at
surviving early depfivation of their taéget tissue. However, they .are not
capable of occupying their original peripheral figld.

Krishnan et al. (1985) examined the effect of reducing the
peripheral field on motoneuron development in the rat. Thigd was
accomplished by examining the effects of sciatic nervé crush and of
partial removal ;f a muscle on rats at 5-6 days of age. In the,first set
of experiments, the sciatic nerve was crushed in the mid thigh region. In
the other group, a longitudinal section of the TA and extensor digiéorum
longus (EDL) muscles were removeﬁ. The énimals were left to recbver for 4-
5 weeks. The method of retrograde axonall transport of . horseradish
peroxidage was used to assess. the numbef and sizes. of motoneurons
supplying innervation to thé TA-EDL muscle. The mnerve crush experiments
revealed no change In the number of motoneurons supplying the TA-EDL. The
partial extirpation experiments, revealed a reduction of motoneurons in
some animals although th; groﬁp means were. not significantly diffegent.
However, in all the animals, the overall mean soma area had decreased and
there was clear evidence of the largest motoneurons shifting towards an

intermediate size. The frequency distributions of the motoneuron areas
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lacked any presence of bimodality.

Lowrie et al. (1987) examined the effects of sciatic. erush in
rats during the first fwo weeks of life, Re}nnervntion was assessed In
both  fast-twitch  and slow-twitch muscles  physioclogically and by

morphologicalB analysis using HRP to label the motoneurons. It was  found,

that the earlier the nerve injury was performed, the more impaired was the

‘

neuroﬁal development, Scidtic nerve grush performed at birth resulted in
the greatest change in physiological and morphological characteristics.
After a one-two month recovery from nerve' crush at birth, the results
showed that the TA-EDL motoneuron poel had decreased by 4l% while the
soleus motoneuron pqu deéreasedr 3ls. This was accompénied -by a slighc
reduction in the size of the motoneurons as well, It was also‘shown that

the slow-twitch soleus muscle always recovered better than the fﬁst-twltd1
TA-EDL muscle.

Thé studies .on young animals discussed above, show that when’the
sciatic nerve ‘is injured during the first E:o weeks of Llife, a. decreased
number of motoneurons with either normal or reduced soma areas will
develop. However, when this is performed in the adult, as shown with cthe
studies of Klueber (1987) and Murphey (1986), the decreased number of
motoneurons have iarger soma areas, During embryogenesis, there 1is a
critical stage when motoneuron ‘survival depends on contact with the
peripheral field (Oppenhei#m et al. 1978;1984;}988). Krishnan ¢t al. {1985)

suggest that there is an intermediate period of development in the ecarly

days of life, when the motoneuron would survive but it would bq,f‘
: : e T
permanently damaged if temporarily discomnected from its target. The

’ -

L
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damage would decrease the number of muscle fibers the motoneuron could -
reinnervate. Since, Krishnan and associates '(1985) found the same results
with partial extirpatio‘n and with nerve crush on young animals, they

suggested that the decreased number and sizes of the motoneurcns was more

a reflection of a reduced peripheral field occupied by each motoneuron.

This could have been induced by some permanent damage to the motoneuron

following early experimental manipulation. Similafly, Zelena _ar;d ,Hnik:
(1963) suggest that the reason that they observed a reduced motor unit
number with decreased sizes after nerve crush at birth was due to the
ipability of the motoneurons to reoccupy their ori.gi.nalA territotry due to
their permanent impairment. g ‘ ¢

Krishnan et al. (1985) offer another suggestion for the selective

“loss of the large mot¢neurons that was found in their éxperiments. They

suggest. that a large number of mﬁscle fibers supplied by the n-eurons were
unable to survive the loss of contact with the motor nerves. Lowrie et al.
{1982) found after nerve crush on fats at 5-6 days, t;here were no large,
glycoly;ic, non-oxidative fibers, i.e. those mnormally supplied by lal:ge~
motoneurons. Lowrie and Vrbova (1984) sho‘we.d that a substantial number of
muscle fibers were lost from the fast muscles shortly after reinnervation
following nerve crush on rat TA-EDL muscles at birth. Krishnan et al.
(1985) suggest that Ehese results show tﬁe t;rritory occupied by the large
motoneurons couI\dDbe affected to a much greater extent than any other
sized motoneurons. Parry (1988) showed that in the rat following sciatic
nerve crush during early 1i%e, ,ti‘ne] IIb fibers are most affected. They
showed with immunecytochemsitry, that if innervation is withdrawn before

.//, . N
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xpression of IIb myosin, “then development of the IIb fibers will be
affectea. . |

It  seems that when 'nerve section or crush is performed at an
early apge, motor units numbe‘rs are usually reduced. This 1Is accompanied by .
either a decrease or no change in the motoneuron somrnr size. Zelond ‘nncl
Hﬁik aiso revealed that the muscle size is reduced. This suggests that in
.early. development the motoneurons cannot. Increase théir moto.neuron sine
since paft of the .muscle is lost as # results of the nerve manipulation as
well, As such, the relationship between motoneuron size and the slzc. of
the peripheral field exists in early development as well‘. The expeviments
show that there is a limited time i:n the early da.)iqs’\ of life where critical

development of the M'mervous system is st_iil occurring. .If manlpulatlon is

performed during this time, permanent damage will occur. However, .once

e

—

fully developed, the animals will respov a number of stresses Llmposed

on the nervous system.

—

»
c) Partial Denervation/ Partial Extirpation Experiments

i) Motoneuron Numbers

The number of motoneurons supplying the Ta& on the unoperated side

of €57 and dy2j mice were not significantly different in the two sets of

L

experiments (PD and PD/PE). As such, the two groups were p}aced together
and the numbers discussed previously include a total of 24 animals as

discussed earlier. .

.l,‘ ‘
With PD/PE, the motoneuron pool was reduced approximately 45% as

seen in Table 3. This could be atEributed in part to both surgical

’
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procedures. Partial’ denervation removes a number of the motor axons and

reduces the motoneuron supply to the muscle as seen in the' first set of
N 4

v

experiments in this thesis. However, removal of part of the TA could

conceivably eliminate. some of the motoneurons if all their muscle fibers

were removed. Some of the motoneurons may have had part of their supply

eliminated by the surpery and as Such} the amount of HRP transported to

the spinal cord would be too small to detect.

11) Motoneuron SiZc;

Motoneuron size'waé dgﬁermined as previously described with the
partial denervation e%perimentsf In fables 3 and 4 the results of these
e;periments ére presented. With PD, a decreased number of motoneurons is
assoclated with an‘ increased cell soma area. Wich PD/PE, a decreased
nu@ber of moténeurons, supﬁlying a comparably reduced number of muscle
fibers, resulted in no change in motoneuron-size. This seems to indicace
that thefe is a relationship between motoneuron size and the size of the
peripheral field in adult mice.

If there is a relationship between motoneuron size and the size
of the peripheral field, what are the possible mechanisms? How does this
effect the etiology of murine dystrophy, since this relationship seems to

exist in dystrophic mice? The next section will review some related

evidence that could help to explain this relationship.

4)The Trophic Theory

rd

A direct relationship between the size of .the cell soma in the
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Fpinal cord and the size of the peripheral field:is indicatedey the
.resuits in’ this thesis. This implies that the motoneuron is dependeﬁc on
the target tissue for its maintenance and integrity. Tﬁere have been
numerous stuéies describing the target dependency that exists in the[
motoneuron during emb?yogenesis and examining ﬁarget-deriqu trophicN
factors, that regulate neural development. These studles can be discussed
in relation to those results 1in an aﬁteﬁpt to discover how this
relationship can be maintained. Briefly: based on evidence Erom‘
experiments. examining neuronal cell death. during devélopment‘ and on
discovery of nehrotrophic factors, it seems that the telationship between
motoneuron size anﬁ tﬁe'size of the peripheral field may stem from a
muscle-derived trophic.factor that travels by retrograde axonal transport
to the‘motoneuron. | |

Purves (1977) defined the "trophic theory of neural connectiong'
as féllows: formation of synaptic contacts will be maintained Ey
interactions ‘in which nerve terminals compete for target-derived moLecples ‘
available in limited suﬁply.. The 'trophiec theory’, defintqg target-
(;ependent: activities can be exemplified in the situation of r;eurohal cel}
death during emb;yonic development.

Hamburger (1953) was the first to record that massive neuronal
ce}l death exists during the development of the vertebrate nervous system,
This occurs during embryogenesis where a surplhs number of neurons in the
embryonic nervous system is reduced to the adult number by means of

competitive interactions between the neurons. This competition appears to

be at the level of the neuronal target such that the number of motoneurons
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in che. population adjusts itselk according to the size of cheﬂ.target
tissue. Thereforé,-the number of motoneurons in the adult motoneuroh pool
ul lmatély depends on the size of the peripheral field éQQilable for

nervation during embryogenesis.

'//
>

Clarke (1985) has recently reviewed the relationship between’
neuronal cell death and the size of'ﬁhe_targec tissue. Normally, in the
ciliary ganglion (CG), the lumbar motoneurons: (LMN) and the isthmo-optic
nucleus (ION), approximately 50% of the motoneurons will die during the
neuronal cell ‘death period in embryogengsis. When . experiments were
performe&. that increased competition for the target tissue such 'as
reduction 'in the peripheral field size or when input to the target was
blocked or eliminated,'more than 50% of the motoneurcns died. Conversely,
if competition was decreaggﬁlfor the target tissue, such as by increasing
the size of the target tissue (Hollyday and Hamburger 1976), more than 50%
of the motoneurons remaiged following neuronal cell death in all three

areas. If the target tissue was completely destroyed in all three areas,

the CG,LMN, and ION, 100% of the motoneurong’ware destroyed. These results

. suggest that connections of the neuron cell body to the target tissue are

essential for surviwval. s _

It is Possible that this relationship is regulated wvia the
retrograde transéort(of a target-derived factor(s) necessary for normal
development of the cell body. This is in aggreement with Berg (1984), who
suggested‘thAc production of growth factor by the target tissue necessary
for the morphological and functional differentiation of the responsive

neurons, could account for the dependency of the motoneuron on the post-
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synaptic-target.

According to Hofer and Barde (1988), to classify a protein as a
neurotrophic faccor; it must regulate neuronal Su?vivai during dcvelogmen;
in viveo by incregsing neuronal ngpbers and/or decreasing ﬁeuronnl dQAth.
Such atsituation‘arosa with the discdvery of Nerve Growth Factor (NGF).
fhé isolation of NGF (Hamburger an& Levi-Montaleini 1951, for revicw-Levt--
Montalcini 1982) brought attention to the trophic theory whereby ctargec-
derived factorg mediate cell growth. Berg (1984) stated that the discovery
of NGF emphasized‘thé likelihood that neuronal development, particularly

target-dependent neuronal cell death, might be mediated by diffusible

molecules. Further studies have shown that when NGF Is administe

d in
vivo, it can reverse the naturally occurring and experimentally induced

cell death in the sympathetic and squgry neurons (see review Le¥
Montaléini 1982). More recent experiments with NGF have examined its
éffects on spinél motoneurons (Yan e& al. 1988). NGF receptors in spinal
motoneurons can bind NGF, internalizé it and transport it retrogradely but
thesé receptors do not mediate motoneurcnal cell death {Yan et al. 1988).

NGF is the only known trophic factor to have been completely
isolated and characterized. Since the discovery.of NGF, there have been
extensive studies searching for other neurbtropﬁic factors. Brain-deilys?

. ’

neurotrophic factor (BNDF) exists in extremely small quantities in the
central nervous, .system (Hofer and Barde 1988). In a redent study,
following injection of BDNF into quail embryos, Hofer and Barde (1988)

found that meuronal survival had increased in the nodose and dorsal root

ganglia populations of the neural crest. They concluded that BNDF has
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trophic actions on the sensofy neurons and appears to be a potential 3
candidate for a-neurotrophic factor.

Ch et al, (i§88) isolated a muscle-derivéd trophic factor examined
its effects on the target'debendent ;vents of the‘dgvelopment and survival
of motoneurons..fhrough biochemical purification, the factor appeared to

1

'be a protein which with immunochemical experiments, was unlike ény other
i ‘

neurite-promoting-factor. When incubated with neurons from the peripheral
and central nervous system, the factor caused a dramatic?ingrease in the
neurlte outgrowth activity, %his led OR et al. (1988) toe spéculate . that
since the increased néﬁrice outgréwth activity is known to occur when
muscie is denervated,rand was observed following administration of the
muscle-derived fabtor. then it is possible that this factor plays an
important role in motor nerve growth in vivo and in motor nerve sprouting.
A very recent study of great importance was that of Oppenheim et

al. (l988) where naturally occurring cell death was reduced in Vivolby a
target-derived neurotrophic factor. In these experiments Oppgnheim Qt all
(1988} treated chick embryos im vivo with crude and partially purified
extracts krom embryonic hipdlimbs (day 8-9) during normal cell death
period (day 5-10). The results showed a significant number of motoneurons
‘were rescued from degeneration with the survival rate being dose-
dependent, While the ‘extract significantly affected the motoneuron
survival, no effeet on the survival of sensory, sympathetic,
parasympathetic and cholinergic sympathetic preganglionic neurons -wai

shown. These experiments are the first to show that the target dependency

of massive motoneuronal death is indeed linked to the competition of the
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motoneurons for a negéotrophic factor produced from the muscle.

These
T - .

/
results indicate that in vivo a <target-derived neurotrophic factor |is
involved in thb_regulation of motoneuron survival and can explain the

v

trophic theory as it pertains to motoneuron cell death in embryogenesise
PD and PD/PE Exp_erime}]ts ‘ b

' The gésults presented in this thesis suggest that.a relacioﬁship
exists betﬁeeh the size of the motoneuron in the spinal cord and the size
of the peripheral field. This is similar to the relationshipkthat appears -
in motoneuronal cel}'death in embryogenesis. With the study of Oppenheim

et-al. {1988), neurotrophic factors derived from the target tissue scem to
Bé the source of the competitive reduction of motoneurons in development.
If these factors exist during embryogenesis when they travel by retrograde
axonal transport from the target tissue to the motoneuron, is it not
poésible that these exist throughoﬁt 1ife?

\ "
In order for mdétoneuron size to be influenced by the .size of the

peripheral“field, there must be communication between the two. It is
plausible that this could exist in the form of a trophic factor relea ed
from the musele and which, throuéh retrograde axonal transport, reaqhes
thé motoneuron. With partial denervation, the competition for the target
tissue is reduced. An increased amopnt of trophic factor would then be
- available for the remaining motoneurons. This couLd travel to the reduced
number of motoneurons and signal.that an increased peripheral territory is

avajlable, The motoneurons would in turn increase their peripheral field:

- &
The resulting increase in motoneuron size is a reflection of the increased
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tefritory that the motoneuron now must maintain, With PD/PE, - there is a

reduced supply of motoneurons with ‘a reduced peripheral field so that no

n

change should be observedAin the size of the motoneurons since the motor
unit size is the same.

These experiménts suggest that in the aault, motoneurons may sti&éf/j
be controlled by faétors derived from the ﬁeripheral field., Furcther

gtudies should isolate a muscle-derived trophic factor that influences the

motoneuron in the adult as in the experiments of Oppenheim'et al. (1988).

5) Do Dystrophic Motor Nerves Sprout?

¢

In this thesis, partial denervation of the dy2j mouse resulted in
an increase in Fhe megn'soma area of thé redu;ed motoneurocn ﬁool. This was
the same response that was shown‘ﬁQ?Rr"pértial denervation in the €57
mouse. If the direct relationship between motor unit size and motoneufon
size is suggested, then the results might be interpreted as indicating
that motor unit size ‘does indeed increase in the dy2j mouse following
partial denervation. However..in the dy2j mice, a relationship between
‘motor unit size and the size of the peripheral field camnot be inferred as
in the €57 mice since the muscle from the dy2j mice did not stain well
with the anti-NCAM. The H and E sections of the partially denervated
muscle of the dy2)] mouse also revealed large area; of very small muscle
fibers. Therefore, any suggestion as the sprouting response or the

relationship between motoneuron size and the size of the peripheral field

in the dy2j mouse cannot be justified. :
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6} Concluding Remarks

. The .results of the PD and PD/PE experiments suggest that ira:e
C57 mouse,.the size of the motoneuron is related to the qsize of the
Eefipheral- field (number of muscle fibers innervated). However, In the
: ‘dy.?.j mouse, Vt:he relationship is not conclusive,'no assessment can be made
as to the numbe'r of muscle fibers innervated in the dy2j mlce. Further

studies on the number and sizes of motor units following partial

denervation must be done with the dy%’ophic animal .
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