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ABSTRACT
Denervation of skeletal muscle fibres is_known to.1ead to A'

'marked alteration of their nornal charactenistics. . The meehanism for
this" is not clear, but thene is great interest inm the FU§§§b+1ity that

.the changes are the reéu]t.of the cunting off of neurdtrophic factors

_ which normally continnously act on the muscle fibres. .Té study'tnis
quesfion, colchicine, a drug known to 1nterfere winh neuroral transport,
was 1n3ected through the ep1neur1um of one sc1at1c nerve in rats, in an
attempt to prevent the postu]ated neurotroph1c factors from reach1ng the

‘ 'extensor~f§1g1torum 1ongus.(EDL) muscle, without interfering with impulse
activity in the nerve, or the consequent activity of the muscle. éo]]owiné
this procedure, Tbsi}atera] EDL muscle fibres were found to exhibit ex;raf.
junctibnai sensitivity to acetylcholine ( ACh J,‘ﬁetrodotoXin'( TTX )
resietant action ﬁotentia]sf .and lowered membrane-potentials { RMP ) all
character1st1c changes’ observed in denervated skeletal muscle fibres.

These fibres however were _shown not to be denervated, s1nce they dis- -
played miniature end—p]ate-potent1als ( m.e.p.p.s ) and nenromuscu]ar

transmission was normal.

Unexpectedly, the contralateral EDL muscle fibres which were
examined as a routine.control, also displayed the features of "denervation”
following an injection oT-co\chicine into the ipsilateral §ciatjc nerve,

and weres virtually indistingniehab]e from the ipsilatera) EbL fibres.



It thus appeared poss1b1e that nerve injections of colchicine were act1ng

system1ca]1y, and indeed this was shown to be the case when s1m11ar

'denervation-like changes were caused bi]atera]lx after ihtraperitonga1 ’

( 1.P. ) injections of the same’ dose of calchicine. :
A]though'these'results showed that colchicine was actino s}stem—

ically, it was still possible that it was effective by b1ock1ng neurona]

transport in the muscle nerves. Axop]asm1c transport was therefore

measured in the sciatic nerve of rats, following co]ch1c1ne 1n3ect1ons-

both systemicai]y and into the tohtra]atera] nerve, At no time was there -

i any evidence of an ‘impairment of transport, even though both EDL muscles
contained f1bres which d1sp1ayed extraJunct1ona1 sen51t1v1ty to ACh. It .
was concluded ‘that egtragunct1ona] sensitivity to ACh fo]10w1ng colchi-
‘ctne injections was‘not due to an interference with ax0p1asmic.transport.‘-
In the injected sciatic'hehve, an impairment of tranSport: was
oonsistent]y observed and this generally was associated with a.detectable
paresis and a small percentage ( 5:7% ) of apparently denefvateo EOL

muscle fibres. In addition, the indirectly evoked tetanic tensions

w
o

produced by the ipsi]aterai EDL musc]es decreased in comparisoh to the
contra]atera] EDL muscles, commenc1ng about 2 days fo110w1ng the sub-
ep1neura1 1n3ect1on of co]chlcwne From these observations, it was
SUQQGStEd that the demonstrable impairment of aﬁoplasm}c transpopt in th?_
ipsilateral sciatic.nerve caused the impairment of'neuromusculér trans-
mjssion on that side,

.Colchicine was also chronically applied to rat sciatic herves by

“the use of drug-impregnated si]icone rubber nerve-cuffs. This procedure

iv -



prevented thé systemic effect of colchicine, but the mechanﬁca] pres-
ence of the cuff resulted in a usua]]y trans1tory and var1ab1e block
of impulse conduct1on in the nerve. Since muscle inactivity per se
also leads to changes previously’ be11eved to be due to denervation, the
changes that were observed w1th co]ch1c1ne cuffs did, not const1tute.
unequivocdl  evidence support1ng neurotroph1c effects on the ipsi-
lateral EDL muscle fibres.

It was .concluded from the regults presented in fhis thesis that
the resglts of experiments involving cq]chicine injections or drugﬁ
impregnated nerve-cuffs'do not unequivocably support the exi§tenée of a
neurotrophi; control of ske]eta1'ﬁusc1e fibrg properties. -

Finally, pﬁe]iminary'éxperimenps in which colchicine was.used
in asgociation with denérvation-indicéted.thai the.most_1jke]y
mechanism of action  of colchicine was a.direct one én'the muscle fibre

« -

membrane itself.
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© SUMMARY

7~
B T The Wain objective of this work was to investigate the
pdssibi]ity that the motor neuron.exerts a frophic ( as opposed to
impu1se mediated ) con%fo] over raf skeletal musgle fibres by means
of\fattors, é]abp}ated in the nerve cell body and transported via |
'axoplasmic transport to the terminals, where release is assumed to
occﬁf. The major st;ategy used was an étteﬁbt to B]ock the axoplasmjic
fransport of the postulated neurotrophic %actors Qithout imbgiring

the impulse conduction’of the nerve or neuromuscular transmission.

.

I

© 2. .~ Colchicine, a drug -known tj\interfe(e with axoplasmic transport,
wa% injected subepineyrai]y into the sciatic nerve of }ats,’and the
extensor digitorum 1ongu§ ( efL ),mgscle.was studied by conventional
electrophysiological techniques. When examined 4 to § days following
'thié brocedure, the EDL muscle fibres on thg\treated side exhibited.
extrajunctional sénsitivity to acetyfcho1ine ( ACh ), tefroﬂotoxin

( TTX ) resistant action potent%a]s, and Towered resting membrane
po£ent{als ("RMP ) ; all thesé‘changes are charactegistic of those
following denervation of skeletal muscle fibres. The muscle fibres

in the colchicine exberiments however were shown not to be denervateﬁ
since they displayed miniatu?e eﬁd-p]ate potentﬁa]s ( m.e.p.p.s ),
"exhibited transmitted action potentials, and n#dromuscd]ar transmission
was essentially normal. / '

/

!

/



3. Unexpected]y, the contralateral EDL musc]e f1bres, wh1fh

were exam1ned as a rout1ne contro], a1so displayed the features of
"denervation” fo]low1ng an injection of colchicine into the ipsi-
lateral sciatic nerve, and were virtually indistinguishable from the

ipsilateral EDL fibres. It was concluded that the subepineural

“sciatic nerve injections of colchicine were acting systemjcaf]y, and

A\

indeed this was shown to be the case when similar denervation-like

changes were produced bilaterally by intraperitoneal ( I.P. ) injections

" of the same doses of the drug.

4, Althoygh these results®showed that colchicine was acting
systemically, it was still possible that its mechanism of action involved -
blocking axoplasm{c tranéport in theNMUsc1e nerves. To test this

possibility, axoplasmic transport was measured in the sciatic nerves

‘of rats following colchicine injections, both systemically and into

the. contralateral nerve. Transport was measured by 1njecfing 3H—1euc1‘n_e
into the spinal cord and.then after an appropriate time analyzing the
sciatic nerve for radipactiyjty. Using this ﬁethod, né measurabie
impairment of axop]bsm{c transport could be detected at any tiae in

sciatic nerves contralateral to nerve injections of colchicine, or

in the sciatic nerves of animals following systemic injections of the
drug, eves though the EDL muscles of both sides displayed extrajunctional
sensitivity to ACh. It was concluded that the extﬁajunctﬁona]

sensitivity to ACh was not cdused by interference witl axoplasmic

transport. L



5. In the ipsilaterally injected sciatic nerve, an impair-

ment of axoplasmic transport could be observed following colchicine
injections. There was also an ipsi]ateral's]ibht to moderate paresis,
and -a sﬁa11 percentage ( 5-7% ) 'of apparently denefvated fibres in thé
ipsilateral EDL muscle. In addition, the indirectly evoked tetanic
tensions produced by the ipsilateral EDL muscleé decreased in compar-
ison to the contra1a£era1 EDL muscles, commencing about 2 days following
the subepineural 1nje€tion of colchicine. From these observations

it was.suggesfed that the demonstrab&e impairment of axoplasmic transport
in the ipsilateral sciatic nerve caused thq impairment of neuré—
muscular t?ansmission observed on that side.

6. Colchicine was also-chronically applied to rat sciatic nerves
by the use of drug-impregnated silicone rubber nerve;cufszt This
procedure prevented the systemic effect of colehicine; however the
presence of the cuff on the nerve resulted in:a u§u5]1y transitory
conduct}On block of varyiﬁg degree, causing for example a moderate to
severe paresis on the@second day fo]]owiné‘cuff application, which
"disappeared leaving no detectable clinical abnormalities by the 5th

to 8th day. Since’muscfe inactivity per se also leads to denervgtjon-
) liké changeg in the preseﬁce of a normal nerve, the changes that were
observed in the ipsilateral EDL muscle fibres following cuff app]iéatjon'
could not be taken as evidence that neurotrophic factors had been. )

blocked by the action of colchicine. ) . .



7. Sinhce the action of «colchicine in producing denervation-
like c?anges ;n the EDL muscle fibres Qas not'gssociated.wiph aﬁ
impairment of axoplasmic transport, the possibility of a direct action
~of the drug on the muscle fibre itself was considered. Preliminary '
experiments in which co]chicjne was used 1n'asspciatidn with denervatioﬁ‘
indicated that this i% in fact the most simple and likely explanation

of the me;HaniSm of action of colchicine in causing extrajunctional -~
sensitvity to ACh, the appearance of TTX-resistant action potentials

and a lowered RMP.

8. The present state of. the evidence supporting the eki;tence
of a neurotrophic control of skeletal muscle fibre characteristics

is discussed.



PART 1

GENERAL INTRODUCTION

THE_OBJECTIVE OF THE PRESENT STUDY’




THE OBJECTIVE

Communication between cells is one of the most important

- elements in the development and function of complex, multicellular

organisms. Among all cell types, neurons are the most highly developed
to perform the role of commnunication 1n the body, continually éending
and receiving information by way of electrical impulses a]éng their
processes, and chemical transmitters at the junctions ( synapses ) bet@een
them. *This aspect of their function in the transfer of information is
now relatively W?]] understood. In addition however, there are indica-
tions that neurons’may also be involved in other formts of information
transfer as well, the effects of which may produce long term physiologi-
cal, biochemical and even mOfphological changes in their target tissues.
“When nervesvsupplying sense orﬁdﬁs such as taste buds are cut,
these sensory structures atrophy and degenerate within a few days
( Guth, 1971 ). Similarly, within 3 to 4 days after the motor nerve is
cut, muséle fibres undergo marked physiological changes such as the
development of supersensitivity to acetylc?o]ine ( ACh ), and eventually
they atrophy ( Guth, 1968; Gutmanqzil976 ). Conversely, when certain
sensory nerves are allowed to reinnervate their original tissues, new
sense organs are often iﬁduced to differentiate, as in the case of taste
buds. When motor nerves reinnervate denervated muscle fibres, the
physiological characteristics of the fibres frequently-can return td

normal ( Harris, 1974 ).

N



Two main arguments may be put forward as likely explanations
of these phenomena. The first is/thatFnerve activity is required by
the innervated structures for the maintenance of their physiological and
structural integrity, and the changes that are observed following denerv-
ation are merely the consequenceg of inactivity. thle this argument
may be valid for the motor system in whichydenervation results in
complete paralysis of the involved muscles, it is not so readily seen
as explaining the changes observed in dénervated sensory structures.
The functional activity of thesg organs is not dependent on an intact
nerve, since the impulses which are initiated conduct centrally.

The other possibility to explain these phenomena is that the
neuron may, in addition to conducting impulses, also exert some kind
of metabolic influence which supports and maintains its target tissue.
If this relationship then is interrupted by nerve section, the deprived
end-organ may undergo degenérative or "atrophic" changes. This possible
effect of nerves has been termed "trophic", in the sense that the metab-
olism of the-target'tissue appears to be influenced in a nutritive, or
at least Tong-term fashion. This someWhét vague description encompasses
all "denervation-changes" in the targei tissue that cannot be directly
attributed to a loss of - impulses. In the present work, references to
a "trpphic" influence of the neuron are, unless otherwise stated, to
be understood as describing the effects ofhthe neuron which are apparently
not mediated by impulses.

We are confronted with two seemingly irreconcilable hypotheses:

on one hand, the possibility that nerve impulse activity per se is



: 5

wf:
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sufficient to control end-organ éharacteristics, on the other, that

_the nerve exerts a trophic ( non-impulse mediated ) influence on the
target tissue. For the motor system in particular, nerve act1v1tyiand

a possible trophic effect could be difficult to dissociate 1n practice,
since denervation simultaneously deprives a muscle both of nerve impulses
and of a possible troph{c effect of the nerve.

The exact mechanism by which the nerve could exert a trophic
influence is unknown. It is conceivable howéver, that chemical factors
are elaborated by the neuron, transported down its axon to the terminals
and released to influence its target cells. The purpose of tkis present
investigation was to discover if a dissociation between nerve activity
and its trophic influence could be achieved by interfering witb the
intra-axonal transport of these substances. The model selected for
this study was the rat extensor digitorum longus ( EDL ) muscle and
its nerve. Colchicine, a potent anti-mitotic drug has been demonstrated
to block intra-axonal transport of materials ( Dahlstrom, }968; Kreutzberg,
1969 ). 1t was used therefore in an attempt to block the passage of
trophic factors froﬁ the nerve cell bodies Eo the muscle, while leaving
impulse conduction along the axons unaffected. The muscle was then.
studied for electrophysiological changes that could for example be
compared to those caused by nerve section. In this way, it wés hoped

that specific effects that could be attributed to a loss of trophic

factors would Eg_ﬁi;Liﬁgﬁ%Shed5\\



PART 11

HISTORICAL INTRODUCTION TU THE PROBLEM




1. . TROPHIC PHENOMEHA 1if THE MOTOR SYSTEM:

PHYSIOLOGICAL CHANGES IN SKELETAL MUSCLE FOLLOWING DENERVATION

The concept. that nérves can exert a trophic_ihflaence on their
target tissups has beep most clearly suppbrted by experiments in which ‘
the relat;ohship'beﬁween sensory nerves and their target tissues have
been examined ( £0 bé discussed later'), since activity of the end-
organ does not appear to be dnvolved In 4<he phenomenon, gof skeletal
: musc]es however,, neura]]y -evoked musc1é act1v1ty‘gaaﬁes’fo11ow1ng
“denervation. Thus.the denervation changes in muscles therefore could
be the result of a‘loss of motor nerve impulses, a Toss of trophic
factors to the muscle, or a chbinagion of the two. The difficulty
Ties in probeé]y dissogiqting‘these events. *Despite this, skeletal
muscle has thé advant;gs of undergo%ng a_number of well-defined, dist-
inguishable physiological changes fg]]owing denervation, snd thus may

_provide a good. monitor of various chdnges which might be happehing to

LY

its nerve. - . ‘

“a) SENSITIVITY TO ACh . ‘ . ,

Following denervation, thé sensitivity of skeletal muscle fibres

. . to the neura] transmitter substance acetylcholine- ( ACh ) is‘grégt1y'

increased. Brown ( 1937 ) used‘"close aterial injections" of ACh to

¥

excite ‘cat gastrocnemius muSc]e; 6 - 7 days following denervatioh, the

*
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dose required to elicit a mechanical response was reduced to about
171000 of that needed for normal muscle. Nicholls ( 1956 ) showed that
this increased sensitivity to ACh could not be explained in terms of -
'changes in the electrical constants of the muscle fibre membrane. He |
found that the specific membrape resistance ( Rm ) of denervated frog
muscle fibres increased to twice normal vatues and'consequent]y the
lengih constant ( XA ) and the time constant ( © ) of the membrane
increased significantly as well; however these changes could not account
for the great increase in the sensitivity to ACh seen in denervated
. fibres. It was generally believed that some alteration i the sensiti-
vity of ACh receptors at the end-plate was responsible. §

Axelsson. & Thesleff ( 1959 ) investigated this possibility with
t;; technique of iontophoretic application of ACh ( Nastuk, 1953; -del
Castillo & Katz, 1955 ). 'This technique consists of ejecting a small
amount of ACh from a m%cropipette which is usually filled with a strong
‘ §61ut%on of ACh chloride, by passing an electric current pulse through
it. With this method, it is pqssiblg to abp]y extremely small quantit-
ies of M to a h1gh]y lTocalized area of a muscle fibre. The effects
of tée ACh can be monitored by‘a nearby intraceliular electrode which
can record changes in the resting membrane potential.( RMP ). If the
membrane ét the 'site of ACh application is senSiEive, a depo]arization'
of a few millivolts ( mV ) can be observed. In this way it is péss%b]g
to map the‘sensifivity to ACh of the entire ]enggh of a fibre, and-:
Axelsson & Thesleff demonstrated by such exper}ments that in ndrmé1ly

innervated muscie fibres, the sensitivity to ACh was confined solely
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to the end-plate negjon. Following denervation however, the entire
Tength of the muscle fibre became sensitive to ACh. jhis targe change
in the ACh - receptive area of the muscle fibre occurs at the same time
that supersensitivity to ACh had been observed 1n earlier experiments,
and thus could account for “denervatign subérsensitivity“.

»

b) EXTRAJUNCTIONAL ACh RECEPTORS

The "extrajunctional"” ACh-sensitivity following denervation can
“be shown to be related to the appearance of ACh receptors in thecextra-
junctional membrane. By using radioautographic methods and a radio-
actively labelled neurotoxin, 1251-o—bungérotoxin, which binds specific-
ally and strongly to ACh receptors ( Lee, Tseng & 6h1u, 1967'), the
sites of the ACh receptors can be visua]wzed: With this technique,
Hargégll & Fambrougﬁ ( 1972 ) demonstrated binding of labelled bung-
arotoxin along the entire length of’denervated muscle fibres, whereas

in normally innervated fibres 1t was confined to the end-p1éte region.
One possibility which has begn considered is that ACh receptors are
‘a1ways present in the extrajunctional membrane; but are normally covered
©oor éonpeé]ed in some way { Blunt, Jones & Vrbova, 1975 ). Recently .
however, it was demonstrated that these extrajunctional ACh receptors
qre_new1y.synthesizgd following denervation ( Devreotes‘& Fambrough,
1975; Bnécges, Berg & Hall, 1975 ). The possibility that pre-formed
exérajunctiona] receptors may have spread, from fhe end-plate region
fol]gwing'dénervationlis made unlikely by the observation of Katz &

Miledi ( 1964 ) that segments ‘of muscle fibres separated from their
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end-plate regions are also capable of developing ACh receptors.
o

N

c) “RESTING MEMDRANC POTENTIAL ( RMP )

Manmalian skefeta1 muscle f%bres'exh1bft RMPs of about -80mV
in vivo. Following denervation howe&er, the RMP drops about 20mV to
reach a ;in§1 value of about -60mV ( Yare, Bennett & Maclntyre, 1954;
Locke & Solomon, 19673 Thesleff, 1974 )." The depolarization of muscle
fibres starts at the end-plate régwon and may bé observed as early as
2 hrs following denegvation ( Albuqueraue, Schuh & Kauffman, 1971 ).
Within about a day, the erttire length of muscle fibre may exhibit a
lTowered RMP. The méchanism for thié drop i@ RMP following denervation
is urtknown. 1t may hqwever‘be réWated to the findings that in denerv-
.ated muscle fibres there 15 a deg;eased infiux of radioactive potassium
42

K and thus the transport or permeability of potassium ijons ( K+ ) may

be dimifiished ( Dockry, Kernan & Tangeny, 1966 ).

d) FIBRILLATION

Y

Another well known.phenomenon exhibited by denervgted sketetal
muscles is a spontaneous, asynchfonous twitqﬁing of individual muscle
fibres. This activity of denervated muscle-has Leen termed fibrillation.
The exact mechanism of this aétivity is'not fully underétodd, Sut it
appears that it is due to biphasfc osci{]étions in the memﬁrane potent~

ial of these fibres ( Thesleff & Ward, 1975 ), which fire off action

potentials when they reach threshold, thereby causing these fibres to

~

k‘.//ﬁ
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twitch. Furthermore, it appears that these oscillations are initiated
'at the site of former end-o]aies ( Belmar & Eyzaguirre, 1966 ).
Previously, it had been thought that a cholinergic mechanism might be
invb]vea n fibrillation, espécially in view of the fact that denerv-
ated muscies wndergo a large increase in sensitivity to ACh. This
explanation however- is méde unlikely by the findings that curare, a

drug which blocks the action of ACh on muscle, has no effeqt on fipr111-

ation ( Rosenblueth & Luco, 1937; Belmar & Eyzaguirre, 1966 ).

e) RESISTANCE TO TETRODOTOXIN ( ITX )

Following denervation, the spile-generating mechanism ¢ff
skeletal musé1e fibres becomes partially resistantvta the effects of
the puffer fish poison, tetrodotoxin ( TTX, Redfern & Thesleff, 1971 );
’TTX has a highly selective blocking action on the "sodium channels",
the membrane changes associated with the increased cbnductance'of sodium

ions ( Na® ) during the muscle membrane action potentials ( Kao, 1966 ).
g .
_ Normally innervated muscle fibres are unable to generate action potent-

6

ials when TTX is in the bathing fluid in concentrations ©of 10 M.

“

Denervated musele fibres however, arg able to produce regenerative

spikes ( action potentials ) under these conditions.
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2. EXPERIMENTS SUPPORTING A PESSIBLE NEUROTROPHIC

CONTROL OF SKELETAL MUSCLE FIPRES

a) EFFECT OF NERVE STUMP LENGTH
1

{
* One of the most compelling pieces of evidence in favour of a

neurotrophic control of skeletal muscle fibres has been the observation
that the time to the appearance of changes in skeletal muscle after
denervation 'is dependent on the lenath of the distal nerve stump <left

- after the nerve has been sectioned. When motor nerves are severed

-

close to their muscles,.denervation changes oécur sooner than if the
‘ngrve.is sectioned farther away. It is interesting however, that this
kind of phenomenon, and its likely explanation was first demonstrated
in the sensory system ( see Jater ). Luco & Eyzaguirre ( 1955 ) found
that the onset of fibrillation in the cat tenuissimus musc]é and éf

its supersensitivity to intra-arterially injectéd ACh, was dependent

on the lengtn of the nerve stump left. connected to the muscle.

Emmelin & MaTm’( 1965 ) and Sq1afsky, Eg]] & Prewitt ( 1968 ) carrobor-
ated these observations. In the cat tong&e, Emmelin & Malm ( 1965 )
ﬁoted an'ear]igr,onset~o{_§ypersensipiv{ty to intra-arterially injected
ACh with §h6}£ nerve stumps thé;<;};h ]Bng,'ang similarly Saiafsky, .
Bell & Prewitt ( 1968 ) demonstrated that fibrillation potentials in
rat muscles appeared, sooner with a short nerve stump than with a long

. . .

one. The range of values for nerve lengths and times were studied by
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Harris & Thesleff ( 1972 ') who observed in rat muscle that there was

a 2 hr delay in the appearance of the phenomenon of the appearance of
TTX-resistant action potentials for each additional 1 cm of nerve stwnd
1éft. This relationship betveen nerve stunp length and the time of
onset of denervation changes suggested that substances required by the
muscle may be Flowing down the distal stump. From-their results,
Harris & Tﬁesleff suggested that substafces required by the muscle may
be flowing at a rate of about 120 mm per day in the nerve.

Miledi and Slater ( 1970 ) examined the relationship between
nerve stump length and the time to fa1]ure‘of neuromuscular trans-
mission in the rat diaphragm. Following section of the phrenic nerve,
failure was complete at about 20 hrs. The time to féi]ure could be
He]ayed abéut 85 minutes for every 1 cm of increased nerve stump left
intact. This observation also suggested & flow of materials down the
nerve stump, and in this experiment a rate of 32Q mm per day could be
cé]cu]ated: Neuromuscular transmission failure Qas accompanied by
cessation of miniature end-plate potentials { m.e.p.p.s f. The funct-
jonal failure of the nerve termina1.wés closely paralelled by ultra-
structural changes. Mitochondria in the denervated nerve terminals
began to assume spherical shapes instead of their normal elongated ones
within a few hours after derervation. Vesicles in the terminals viere.
disrupted, and the terminal.Schwann cell started fo become phagocytfc-
and engulf the nerve ending. .

Q Locke & éo]omon ( 1967 ) observed'that‘not only was the time

of onset of depolarization of muscle fibres dependent on the stump
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. length, but also its.rate of fall as well. Albuquefque, Schuh &
Kauffman ( 1971 ) also examined this relationship. As early as 2 hrs
following a merve crush at its point of entry in the rat EDL muscle,
they observed a drop in the RMP of about 6 to 8 mV at. the end-plate
of miscle fibres. This drop occurred at a.time when neuromuscular
transmission, as evidenced by the presence of m.e.p.p.s, was still
normal. The onset of depolarization of the muscle fibres which
began at the end-plate region was dependent on the intra-muscular
nerve stump length; those muscle fibres with shorter intra-muscular

stumps began to depolarize sooner than those with longer ones.

b) PARTIALLY DENCRVATED MUSCLE FIBRES

A particuiar1y important piece of evidence in favoyr of trophic
actions of the motor nerve on skeletal muscle was obtained by Miledi
( 1960 ) on frog sartoriusxqusc]e. The fibres in this muscle are
dually innervated, affording Miledi the opportunity to obtain partially
denervated muscle fibres. The partially denervated fibres were presum-
ably still nermally acﬁive since they retained innervat%on through tﬁe
one remaining ‘end-plate. Around the site of the denervated end-plate,
Miledi observed an increase in the amount of extrajunctional sensitiv;
ity to ACh. This was interpreted’ to be the result of a lack of . ‘
trophic control of the muscle fibre membrane at this region rather

"than a result of inactivity of the muscle fibres.
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¢) CROSS REINNERVATION STUDIES

Cross reinnervation étudles of "fast" and "slow" skeletal
muscies were itially interpreted as a demonstration of a trophic
ef%ect of the motor nerve ( Buller, Eccles & Eccles, 1960 ). Skeletal
muscles can be placed in two categories based on their épeed of contr-
action. One group is characters by a relatively slow response to
a stimulus and t@ese muscles are called slow twitch muscles. Typically,
In the cat, the time to peak tension ( TP ) for a single twitch is ,
_about 75 msec. The other group contains'fastltwitch musc]e;; such a
'muscle, in the cat, may have aFTP Qf about 18 msec. Representative
of slow and fast twitch muscles are the soleus ( SOL ) and the flexor
hallucis longus ( FHL ) respectively. When a nerve-originally going
to a fast twitch muscle in the cat ( kitten ) is cut and then made to
reinnervate a denervated slow twitch muscle, the slow muscle acﬁuires
characteristics of the fast one ( Buller; Eccles & Eccles, 1960 ).

'The TP for ihe slow muscle significantfy shortens. Simi]ar]y}"in the
reverse experiment, the TP for the fast muscle lengthens.

Though these results were believed to be due to a trophic
effect of the nerve, the possibility that the pattern of nerve impulses"
arriving at the muscle cou1dﬁaccount for this phenomenon was not
excluded. Indeed, 1£ was shown (‘Ecc1es, Eccles & Lundberg, 1959 )

that nerves going to slow muscles had a much lower discharge rate

( 10-30 Hz ) than nerves innervating fast muscles { 30-60 Hz ). The

’
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"céncebt that patterns of nerve impulses may account for some dynamic
properties of musc1és has had a Tot of support ( Eccles, Eccles &
Kozak, 1962; Salmons & Vrbova, 1969;‘L¢mo, Westgaard & Dahl, 1974 ).
The latter workers demonstrated that the dynamic properties of
denervatéd sheletal muscles could be altered simply by altering the
frequency at which the muscles were stimulated by chronically implanted
electrodes. Denervated rat soleus stimulated at a high frequency
( 100 Hz ) had a TP of 16 msec 1n compar}son to 35 msec for the norma]]y‘
innerva{ed soleus, and 41 msec for denervated unstimulated muscles.
Denervated soleus muscles stimulated at a low frequency ( 10 Hz ) had
a TP of about 33 msec, in the range of nérmal]y innervated soleus
musc]es: It thus_appeérs that ﬁhe dischardé rate of the motor neuron
may play a significant role in determining the dynamic properties of

skeletal musclesfibres.

d) -THE ROLE OF DEGENERATING NERVE TERMINALS

One possible explanation for the early denervation changes
seen in skeletal muscles is that they are triggered by the degeneration
of the motor nerve terminals in the muscle ( Jones & Vrbova, 1974;
Lgmo & Westgaard, 1976 ). As yet, there is no solid evidence for
such a view, but ther; ié some circumstantial evidence which must be
taken into consideration. ﬂDirect electrical stimulation of denervated
muscles ( see later ) can often prevent the .development of denervation
changes, and even revérsé them.if they haie been allowed t6 occur

( Lgmo & Westgaard, 1976 ). However, if the frequency of stimulation
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is relatively low ( 10 Hz ), it cannot prevent an early transient
increase in extrajunctional sensiiivity to.ACh, although if it is
continued for long periods ( about 10 days ) this level of stimulation
is adequate to reverse all denervation chanaes ( L¢mol& Hestgaard,
197? ). The early transient increase 1n ex{zajunctlonal seﬁs1tivity
to ACh has been attributed to the présence of degenerating herve
terminals. Lgmo & Westaaard ( 1976 ) obtained soleus muscles which
had been functionally hyper-innervated by the fibular nerve; they
found that after cutting this foreign nérve there was an increase in
sensitivity to ACh at th@ region of the degeneraiing nerve terﬁina]s.
The concept that degenerating nerve terminals can triggér the
early denervation changes could be used to éxp1aiﬂ the relationship
observed between the length of the distal nérve stump and the onset
of denervation changes. Miledi & Slater { 1970 ) have shown that the
viability cf the motor nerve terminal in the rat diaphragm is dependent
on the length of its'distal nerve stump. Thus with a short nerve
stump, the motor nerve terminals would begin to degenerate sooner and
trigger denervation changes }n the muscle at an earlier time than with

a longer nerve stump.

e) A POSSIBLE NLCUROTROPHIC CONTROL OF SKELETAL MUSCLE CHOLINE

[STERASE ACTIVITY ( Cht-)

Following denervation, levels of choline esterase ( ChE )
activity at skeletal muscle f1bre end-plates rapidly decreases { reviewed

by Guth, 1968 ). The reason for this is not known but could be related
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to a loss of a possible trophic influence of the nerve. Filogamo &

Gabella ( 1966 ) demonsirated that in the chicken, an intact nerve

~supply is required for the maintenance of end-plate Chl. Treating the

animals with difluorophosphate ( DFP ) which is an irreverisble inhibitor
of Cht, and using histochemical techniques, they showed that Ch{ activ-
1ty gradually reappeared at end-plates in normally innervated muscles

but did not reappear in muscles that had been denervated at the time

of DFP treatment. Thus it appeared that the nerve was required for

the re-establishnent of normal ChE levels. In organ culture studies

of newt skeletal muscle, Lentz ( 1971 ) demonstrated that the consequent'
loss of ChL from the muscles could be significant]ly retarded or even
reversed by addition of newt sensory ganglia or nerve homogenates to

the culture environment. This suggested that some diffusable factor *

rom the nervous tissue could influence the ChL Tevels in the explanted

muscle. Rathbone, Beresford & Yacoob ( 1974 ) confirmed these observ-
ations and extended them by demonstrating that 10 day old chick brain
homogenates could also maintain ChE Jlevels in newt muscle explants.

Furthermore, they showed that the active factor in these homogenates

L
was heat labile and sensitive to dialysis and trypsin digestion. It“

was thus concluded that the factor was, or at least contained in part
as an active agent, a peptide. Though these studies look extremely
proﬁising, it still remains to be directly shown that a specific
neurotrop@ic substance is in fact controlling the level of end-plate

ChE in skeletal muscle.
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3. THE IMPORTANCE OF MUSCLE ACTIVITY IN CONTROL

0F_MUSCLE FIBRE CHARACTERISTICS

One approach 1n the study of the motor nerve's 1nfluence on
skeletal muscle has been an attempt to dissociate the possible effects
of nerve impulses from a trophic influence of the nerve. The former
( 1.e. nerve impulses ) has proven tg be more accessible to expert-
mental manipulation than the latter ( trophic influences ) and thus
most stratégies to date have involved examining the effect of altering

motor nerve wmpulses going to skeletal muscle.

a) DIRECT ELECTRICAL STIMULATION OF DENCRVATED MUSCLES: REPLACEMENT

OF NERVE ACTIVITY

One experimental technique which has had considerable success

in explaining why steletal muscles undergo changes following denerva-
tion is gct electrical stimulation of denervated musc]és. Both
nerve 1mpulses and a possible trophic influence of the.nerve have been
simultaneously removeéd from such muscles. By sgimuﬁétﬁng the muscles
directly however, aaiattempt is made to mimic thg normal excitatory
influenge of the nerve, and perhaps then reveal the residgg} effectsa
due‘ﬁo the'abseﬁce oﬁ a neurotrophic‘inf]ue;ce

In every report published to date, direct electr1ca1 st1mu1at1on

has 51gn1f1cant]y dﬁn1nished or completely reversed the “Usual denervation
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changes, and 1t now seems clear that activity per se of skeletal muscles
may be a very wmportant factor in the control and expression af 1ts
properties. Drachman & Witzke ( 1972 ) chromically stimulated denerv-
ajed rat diaphragm in vivo for a period of 4 days. At the end of this
time, they demonstrated that the extrajunctional regions of muscle
fibres in the stimulated muscles were much less sensitive to iontophor-
etically app1iediACh than usually observed 1n denervated muscle fibres.
The stimulated denervated ﬁhsc]e fibres exhibited average extrajunctiong]

sens1tivities of about 4 units {( see Methods'for:full description of

- -

th this 1% measured ) compared to about 50 units in un€t1mulatqd ones.
Similarly, Lgmo & Rosenthal ( 1972‘) demonstrated that chronic electri-
cal stimulation of denervated rat soleus and EDL muscles for 5 t& 8"
days could markedly lower the level éf extrajunctional sensitivity to -
ACh. 'Furthérmoée, electrical stiﬁu]qtion could largely prevent tﬁe
onset of ACh sensitivity when stimulation was begun immediately follow-
ing denervation. This result was confirfed by Jones & Vrbové ( 1974 5-.
who used the rat soleus muscle. In the latter experiments however,

they found that stimulation could never eliminate al} extrajunctional
sensitivity to ACh, even though 1ts Tevel was markedly reduced.

Purves & Sakmann ( 1974 ) similarly showed that stimulation of denervated
rét diaphragm strips in vitro for up to ?:8 aays sign1fjcamt1y reduced‘
the level of extrajunctional sensitivity to ACh. 'Furthe¥more; the
stimulation of. the diaphragm strips prevented these,muscies from

fibrillating for periods up to several days.
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. One idtriguing ddeé%ion with respect to fibrillation hdd been:
— if muscle fibre activity per se is the factor which controls nuscle
fibre characteristics, why is it that denervation changes are.expressed
at alT$1p denervated fibres which are known to.be highly active in
the form of fibri]latiod? A pgsgibléhansﬁer to this was provided by
Purves & Sakmann { 1974 ), who demonstrated that only 1/4 to 1/3 of
the total ndmber of muscle fibres in the denervated rac diaphrégm viere
. fibriltating at dny one'tiwe, and’ that these fibres would fibrillate
for periods of about 20 hrs and then remain quiescent for the next‘Z
to 3 days. This per{od of inactiVity, jt can be argued;'a1]ows for

the expression of denervation changes, and the enéuing 20 hrs of

“activity is not adequate to eliminate them.

[ et +

8 .. x

 b)" THE EFFECT OF CONDUCTION BLOCK [N THE®NCRVE L.

Several techniques have been used, to depr1ve skeletal musCles

[N
.

of nerve 1mpulse activity without otherh1se 1nterrupt1ng the1r nerve
’ supp1y. Ldmo & Rosenthal ( 1972 ) paralyzed rat EDL and soleus musc]es
by p1acdng silicone cuffs 1mpregn;ted with local anesthetics around
. the sciatic nerve. This procedure prevented nerve 1mpu] es from
arr1v1ng at the musc]es, but it did not otheww1se appear to produce
: ' . any ili effects. . Seven days after the’ applicatjon of the anesthet1c .
gpffs, the para]yzed'EDL_and sdleus mustcles- exhibited high levels of

. extrajunctional sensitivity to ACh, similar to those seen in denervated

"muscles. They a]§o‘Uﬁger;ed~;;;ri1]ation of the muscle fibres. ) "

* . . . R

Robert & Oester k 1970 ), who ‘had previously introduced the cuff



25

.

teéhn1que, failed to observe any changes in rabbit anterior tibiéfis .
muscle even after two weeks of continuous blockade of impulses in the
sciatic nerve. At the moment, there 1s no good explanation for the
discrepancy between these two results.

One possible criticism of these blocking experiments is that
the local anesthetics ( Lidocaine, bupivicaine ) may at the same time
block axoplasmic transport of trophic factors to t@e muscles ( Fink,
Kennedy & Hendrickson, 1971} Drachman, 1974; Bisby, 1975 ). To over-
come this pbssibi]ity,'Cangiano ( Cangiano, Lutzemberger & Zovrub,

1975 ) produced nerve conductioﬁ block by applying a mildly compressivé
siliconé cuff, which did not contain any drug; impulse conduction was
blocked merely by the slight compression of the ner e.f’ln prelimihary.
experiments,-he-demonstrated that EDL musoﬁeé parajyzed in this fashion
exhibited canges such as lowered RMP, TTX-resistant action potentials
and ﬁibri]]atéry activity. Interestingly, these changes were less.
Jpronounced than similar.denervation ghanges in musc}eé that had been
denervgted %or the same length of time. S{mi]arfy, Drachman ( 1976 )
blocked nerve;impufse conduétion in the rat sciatic nerve by nerve,
injections of TTX." He demonstrated that this procedure did not inter-
fere with axoplasmic transport. The musc]es‘paralyzed in this fashion
exhibited an increase in the number of extrajunctional ACh receptors.
I£ therefore appears that muscle activity pgﬁ_gg.iﬁ very importaht,«

at Teast in part, in the control of skeletal muscle fibre characteristics.



¢) BLOCK OF NEUROMUSCULAR TRANSMISSION

Another manner in which inactivity of skeletal muscle can be
produced is by blocking neuromuscular transmission. This can be
achieved with pharmacological agents such as botulinum toxin which
prevents the release of ACh from the nerve terminals ( Brooks, 1956 )
or with agents like curare, which bind to ACh receptors and so hinder
or totally prevent ACh from producing the usual excitation of the .
muscle fibres ( Taylor, 1959 ). In every experiment to date, muscles
which have been paralyzed as a result of neuromuscular transmission
block have exhibited denervation-11ke changes. Thes]eff.( 1960 )
demonstrated that the 1njeétion of botﬁlinum toxﬁn.into the hindlimb °
of cats led to the appea}ance of extrajunctional sensitivity to ionto-
phoretically applied ACh in the tenuissimus muscle, at about the same
time as this takes to appear after denervation. Drachman ( 1974 )
dempnstrated that neuromuscular block by botulinum toxin, curare and
hemicho]inium in the chick embryo, produged atrophy, degeneration and
fatty rep1acemenf of skeletal muscle, identical to tﬁe effect§'observed
qftér denerQation. Hemicholinium produces a block by interfer1ng\with
the uptake of choline by the nerve terminaﬁ, Teading to_thg depletion'
of ACh.inside, and failure of release of ACh from the nerve terminals.
?ven.thoggh the three blocking qgents have different mechanisms of
action, their results wére the.same. This indicated that normal

cholinergic transmission is therefore reqiuired by chick.embryo skeletal

rd
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muscles for proper maintenance:
Berg & Hall { 1975 ) paralyzed rats for up to 3 days by chronic
administration of the postsynaptic b]ockiné agents D-tubocurarine
( curare ), succinylcholine or n-bungarotoxin. These agents:do not
affect the release of ACh from the nerve terminal. After 3 days Jf
paralysis an increase was observed 1n the sensitivity Lo iontophoretic-
ally applied ACh of the extrajunctional membrane of the diaphragm
fibres. This was assBciateq'with increased binding of radioactively
labelled ,-bungarotoxin to the extrajunctional membrane. The muscle
fibres ;}so exhibited TTX-resistant action potentials, as do denervated
muscle fibfes. Similarly, Chang,. Chuapg & Huang ( 1975 ) paralyzed
rats for 7 days using hemicho]inium:and bungdrotoxin. At the.end of
this period, they observed_an increé§e in the binding of labelled
bungarotoxin to the ektrajunctiona] areas of rat diaphréém muscle f]bres.
It‘therefore can be confluded that an-interference with neuro-
muscular fransmission can result in the appearancé/bf denervation
changes in the skeletal muscle fibres. |

a

d)  LIMB IMMOBILIZATION &

Several iﬁvest{ga§ors havé fried to- assess the 1mpor£ancg of
mechanical activity of the muscle in the control of‘its characteristics
by “immobilizing limbs. This can be aghieved in the hindlimb of an
animal by gurgicalfy placing pins'through knee and ank]g joints.
Generally, these types of studies have deménstrated muscle atrophy;

however this®is accompanied by-very little other changes. Fischbach &
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Robbins ( 1971 ) pinned the knee and ankle joints in the hindlimb of
rats and examined the soleus muscle in the consequently disused 1imb

3 days to 6 weeks following this procedure. They observed only a very
small increase in extrajunctional sensitivity to iqntophoretica]]y
applied ACh £-10 days after the onset of disuée. Solandt, Partridge &
Hunter ( 1943 ) had previously used this technique and }eported an
increase in sensitivity to intPa-arterially injected ACh 1n the rat
g;strobnem1us muscle following 2 weeks of disuse. Generally however,
very little denérvatiop-]ike changes occur in 1mmobilized muscies'and
it could be argued that this is an indHcat1on of the maintained trophic
influence of the nerve. However, although these muscles are mechanic-
ally fixed, their motor nerves are not necessarily quiescent. Fischbach -
& Robbins { 1968 ) demonstrated that although the act%vity of the motor
nerve is greatly diminished in immobilized 1imbs, there is still 5 to
15% of the norma1.EMG acfivify present. This suggests that a lTow level
of nerve activity Hay be adequate to influence the gmﬁobilizéd ﬁusc1e,
and largely prevent the appearance of.denervation changes ( cf Lgmo &

Westgaard, 1975 ).

4. EFFECTS OF THE MOTOR NERVE

DURING DEVELOPMENT

-

'During_primary development, rat skeletal muscle. fibres are
sensitive to ACh along their entire length ( Ginetzinsky & Shamarina,

1942; Diamond & Miledi, 1962 ) as they are in denervated muscles.
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However, following the estabdishment of neuromuscular activity, the
area sensit1vg to ACh'becohes progressively reduced, and within a few
wéeks o¢f birth only the end-plate region of the muscle fibre is sensi-
tive. This observation has generally been interpreted to indicate a
trophic 1nfluence of the nerve, but the possjbi]ity that the ACh
sensitivity became {ocalized as a result of muscle aciivity was not
‘e*cluded.

Speculation conpe}ning the reason why deve]oping'and denervated
muscle fibres are sensitive to ACh along their entire 1eﬁgth has raised
the possibility ( Katz & Miledi, 1964 ) that this phenomenon constitutes
a "signal" to developing or regénerating nerves-to gh1de them and induce
them.to form'synapses. Whethér this is the case or not is unresolved,
buf 1t has b;eﬁ demonstratea that blocking ACh receptors in developing
or denervated muscles with curare ( Cohen, 1972 ) or with a-bungarotoxin
( Jansen § Van Essen, 1975 ) does not prevent the formation of funcfiona]
synapses on the muscles. Thus it appears that end-plates can be formed
even_ if the ACh receptors are pharmaco]ogiga]]y blocked.

The induction of sifés of high sensitivity to ACh ( hot spots ) ‘
on developing muscle fibres jg_ij}ﬁgj co-cultured, with nervoys tissue,
has.a1so been thoughtio be due to a trophic influence of the motor
nerve ( Ste{ﬁbach, Harris, Patrick, Schubert & Heinemann, 1973 ).

Such an influence of the nerve on the distribution of ACh receptor
sites would be especja]]y importanf in relation to the fo;mation of
end-ptates during synaptogeneéis. fn tissue culture, dissociatéd

neurons will extend axonal and dendritic processes to form synaptic
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connections with other neural cells ( Varon & Rdiborn, 1969; Crain &
Bornstein, 1972 ) and with dissociated myoblasts ( Shima@a & Fischman,

1973 ). The point of nerve and muscle cell contact in vitro is associ-
ated with an increased ACh-sensitivity on the muscle ( Steinbach, .
1974 ), reminiscent of the localized NCh-sensitivrty foung in vivo.
This localization of sensitivity to ACh does notvappear to be dependent
on muscle fibre activity per se since it can occur in a tissue culture
environment in which mgsc]e fibre activity has been blocked by high

k' in the medium ( Steinbach, 1974 ).

A1tﬁough the localization of ACh-sensitivity on developing
muscle fibres in vitro may be ahoexamp1e of a trophic effect of_the
nerve, there'is'sqme suggestion that "Hot spots" ﬁay deQe]op in chick
m&otubes that.had not yet been exposed to nerves. Berkoff & Betz ( 1976 )
mapped the sensitivi%y of chick myotubes to iontophoretically applied
ACh. The myoﬁubes were obtained by culturing myob]asts from chick
.. hindlimb buds, removed at a-time before innervation had occurred. In
these myotubes, Bérkoff & Betz observed "hot spots" and they gonc]uded
that the developmept of these sites of high sensit1v{ty to ACh is not
dependent on prior contact with nerve processes. Similarly, Prives,
Silamn & Amsferdam ( 1976 ), demonstrated withAlzsl—q—bugarotoxin
1abell%ng and autoradiographic techniques that the éppearance, condeﬁsa-
tion.into c]qsters and gradual depletion of ACh receptors in cultured
chi¢k myotubes appear to be sequential eQent; in tﬁe differeptiatiop

of skeletal muscle which can occur in the absence of a direct neuronal

influence.

e
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Genera]]y,.it is unclear whether or not the a»pearance of
extrajunctional ACh receptors following denervation of skeletal muscles
plays any significant role in their reinnervation. Swwilarly, in
primary development, the role of the nerve in eétab]ishing the adult

pattern of ACh-sensitivitly is not resolved,

5. TROPHIC PHENOMENA TN THL SENSORY SYSTLM

The concept that nerves can exert a trophic influence on their
target tissues not only has arigen frdm, but is still most_c]ean]y
sgpported by experiments in which the re]aﬁionship between ‘sensory
'nerves and their target tissues have been examined. -In many instances,
when a sensory nerve is cﬁt, its end-organ suffers marked atrophy and

degenerative physiological changes. .

a) TASTE BUDS

%o]]owing section o% the gustatgyy:nerve, taste buds begin to
degenéréte and eventually disappear in fish and'mamma1s ( 0Imsted, 1920;
May,A1925; Parker, 1932 ). Parker { 1932 ) found that after the nerve
was allowed to regenerate aqd reinnervate it; target tissue, ,taste buds
could once again be observed. The presence of intact innervation thus
seems to be~necessary to support the existence of taste buds. In addi-
tion, Parker ( 1932 ) also observed that the ]aﬁent perioé between :the
cutting of the nerve and the onset of atrophic changes in the taste

buds was roughly. proportional to the length of the distal nerve stump.
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After cutting the ]atéra1 11ne nervé of the catfish, degeneration of
the sense organs ( similar to taste buds ) along the lateral line
spread proximo-distally from }he cut at a rate of about 2 wm per day

( Parker, 1932; Parker & Paine, 1934 ). These observations suggested
that the latent period might be dye to grasdual dep]etién from the
peripheral stump of the cut nerve of substances required for the
sustenance of the taste buds and lateral line sense organs. When these
substances were used up, which would take longer the greater the length
" of the ne}ve stump, the taste buds would be affected. ‘Electrical
stimulation of the distal nerve stump was reported'by the same workers
to hasten the disappearance of the taste buds, a phenomenon which could
possibly be due to acceleration of movgment or metqbolism of substances
in the nerve ( Parker & Paine, 19347). v s
The simplest interpretation of these observations is that the
nerve éel] elaborates and releases from its terminals a hormoné-]ike
.substance that is required to maintain.the structural integrity of
the sense oréan ( Olmsted, 1920 ). The cell population in taste buds
h;s a high purnoveﬁ rate ( Beidler & Sm$11man, 1965 ). It is thus
1ikely that as cells in the taste bud die, they are contindbus]y
replaced by adjacent epithelial cells whicﬁ differen{iate"as a result -
of a neural influence. UWhen the pissué is_denervated, taste bud ce]]s‘
are no longer induced to differentiate and as a consequence of normal
cellu]ar’turnovér, the taste buds disappear. It is well kﬁown ihét

the presence of nerve fibres always pfecedes the appearance of taste

buds ( Landagré, 1907; Olmsted, 1920b ); thus it seems possible that
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in fish and manmals at lteast, the role of the nerve is to induce the
\\ - .
differentiation of epithelial cells to replace old taste cells, rather

than to maintain the structural integrity of pre-formed taste bud cells.

b) MUSCLE SPINDLES

The muscle spindie, a sensory orgab of skeletal wmuscles, 15
also highly dependent on its sensory innervation, but this dependence
is apparent only during a certain stage of development. [f the innerv-
ation of muscle by sensory fibres is prevented in developing rat muscle
by intra-uterine severance of the sciatic nerve in fetal rats, no
spindles are formed in the denervated muscles ( Zelena, 1957; Zelena &
Hnik, 1960 ab ). If the muscle is denervated by crushing the'sciatic
nerve at birth, the half-formed spindies degenerate within 10 days and
on reinnervat{bn, only a few are found to have deQe]oped again, some
5 months later. If the same experiment is perfdrmed on 14 day old rats,
when spindle development is a]most complete, there is little, if any
spindle degeneration, and they can be suécessfu11y reinnervated. It
seems that the sensory nerve is required for the initial differentia-
tion of these sensory struétures, but afte} they mature they are no

A
longer dependent on these nerves. : -

¢) 'OTHER MLCHANORECEPTORS

@

Certain other mechanoreceptors have also been shown to be
dependent on sensory nerves for their development and maintenance.

In primary dgve]opment, these mechanoreceptors differentiate only after
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sensory nerves have invaded the tissues from which they arise ( Jacbson,
1970 ). Ffollowing denervation, the same mechanorecentors atrophy or
degenerate completely, 1ndicating also a long term dependence on the

nerve,

d) HERBST AND GRANDRY CORPUSCLES

The histogengsis of Herbst‘and Grandry corpuscles, mechano-
receptors which have been especially studied on the beak and tongue
of the duck, 15 completely dependent on the presence of sensory nefve
endings ( Saxod, 1972 ). Only somatosensory nerves are able to have
this effect, and sympathetic and motor fibres cannot induce thése
sensory structures to differentiate { Saxod, 1972 ). Herbst and Grandry
corpuscles furthermore begin to degeneréte whpn‘their nerve, the
opthalmic branch of the trigeminal nerve, is crushed ( Quilliam, 1962 ).
Nh11é the Grandry“corpusc1es degenerate almost completely after about
4§ days, the Herbst corpuscles in contrast atrophies but mai;tains a
recognizable structure. Upon reinnervation, Grandry corpuscles reappea;
and ﬂerbst corpuscles reassume their normal appe;rance.

' Alth&pgh thé nerve‘appears to cause @he appearance of these
end-organs, the actual type which differentiates appears to be a charac-
teristic of the epithelium rathér than that of the nerve. This was
demonstrated by Saxod & Sepge1‘( }968 ), who transplanted skin from
the beak of duck émbryos to the chor{oa11antoic memﬁrane of to other
parts of the body 6f chick and duck embrygs. \in the absence of innerv-

4

ation, no sensory corpuscles developed. In transplanted skin that

”



became innervated, the corpuscles which developed were those charact-
eristic of the skin even when their innervation was by "foreign"
semrsory nerves. Thus even though sensory nerves appear to trigger and
support the differentiation of Herbst and Grandry corpuscles, 1t is
the nalure of the epithelium however that determines what type of

sensory receptors will be formed.

e) PACINIAN CORPUSCLES

Pactnian corpuscles, another type of mechanoreceptor widely®
distributed in mammals, also requires the pfgsence of a sensory nerve
for induction and Tong term maintenance. Zelena ( 1976 ) observed
that when the sciatic nerve in newborn rats is cut, developing Pacinian
corpuscles in the interosseous membrane disintegrate and disappear
within 10 days. Without the nerve supply} no Facinian corpuscles were
obsérved to form. In the cat, the mature Pacinian corpusclgs, like
the Herbst corpuscle, aoes not disappear vhen it is denervated, although
it undergoes degenerative changes within 6 to 12 hrs following nerve
section ( Chouchkov, 1976 ). When foreign sensory nerves such as the
.femora1 or sabhenous a}e made to innervate the cat mesentery, they too
are capable of inducing the formation of Pacinian corpuscles ( Chalisova
& 1lyinsky, 1976 ). This result is similar to the developmental aspects
of the Herbst and Grandf& corpuscles mentioened above, in that the
specificity of the sensory receptor is determined bty the tis;ues, but

the stimulus of a sensory nerve is required to initiate differentiation.
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f) MERRIL (LLLS

Herkel cells arve cutaneous mechanoreceptors. llthen the nerve
supplying the tactile pads in adult cats is cut, the llerkel cells
eventually disappear ( Iggo, 1963; Kasprzak, Tapper & Craig, 1970 ).
Upon nerve regeneration into the pad, the specialized Merkel cells
reappear. Palmer ( 1965 ), after ligating the infra-orbital nerve in
the opossum, reported that Merkel cells co¥ld not be identified by
electron microsco;y, 72 hrs later. [In the cat and the opossum there-
fore, the sensory nerve is required to maintain the Merkel cell. In
the rat however, Merkel cells appear to be less dependént on the nerve.
Even for periods as long as 3 months, Merkel cells persist fo]]gwing
nerve degeneration according to Kasprzak, Tapper & Craig ( 1970 ).
Smith ( 1967 ) similarly demonstrated a lack of -dependence of the
‘Merkel cell on the sensory nerve.in the rat. He removed dorsal root
ganglia, and even when there was a complete absence of axon terminals,
no cﬁaﬁge in the structure of M?rke1 cé]]s was observed up to 90 days
after the operation. Similar ‘findings to these have been rep&?ted for
Merkel ceiTs in the salamander skin. Coopér, Scott & Diamond { 1976 )
observed that Merkel cells did‘not disappear from salamander skin even
after 6 months of denervation. Furthermore, they observed that these
specialized cells appeared in the regenerating skin of deﬁervated Timbs
o; adult animals, suggesping that in this case, a nerve influence was

not required for their induction.

)



) SENSORY NCRVE FIELDS I' SALAMANDEPS

The establishment of peri5ﬁZF%1 sensory nerve fields may also
be under a trophic control by the sensory neuron ( Aguilar, Bisby,
Cooper & Diamond; fq73; Diamond, Cooper, Turner & Maclntyre, 1976 ).

By applying colchicine to a peripheral nerve in salamander hindlimb,
Diamond and his colleagues demonstrated that the adjacent sensory
nerves enlarged their terminal fields, presumably by sproutidng of their
endings.( These results were interéreted as suggesting that-a trophic

~

factor released by the sensory nerve was involved in the regulation of
-

sensory nerve fields. This work appears to be additional powerful

-evidence indicating the presence and importance of a non-impulse

mediated influence of the neuron, at least in the sensory system.

%

h)  SUIMMARY

The p;esence of the sénsory nerve seems crucial for the primary
development of man& sensory end-organs. However the role of the nerve
in the long term maintenance of these structures is less clear. Perhaps
only thqge'end;organs which are comprised of cell pppulatibns which
have high turnover rates 3uch as taste buds, are totally dependent on
the sensbry nerve, suggesting that the influence of the sénspry nerve.
is mo;t pronounced on undifferentiated cells, and diminishes with their

specialization.

4
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6.. . - THE_TRANSPORT OF. MATERTALS IN_NERVES

¢ .

A 'possible ﬁechanism by which nerves could achieve a trophic

control of their target tissues might involve the elaboration of trophic
factors by the nerve cell body, transport of these factors to the nerve
terminal's and the consequent release of these factors in the region of’

5

the target cells. ) ¥ N

a)” OBSERVATIONS SUGGEéTING FLOW OF MATERIALS IN NERVES

The concept ‘that substances flow in nerves is ‘ancient, but '

'4 v1dence support1ng such a flow has only recéntly been obtained. Scott

-

( 1906 ) was one of the first to conduct experiments uh1ch suggested

that there was a passage of mater1a]s from the ce]] body to the nerve “
'~term1nals. He -demonstrated that pr@longed 1ntens1ve st1mu1at1on of

"'the central end of a frog dorsal root which had been sect1oned to exclyde
the gangjien, resulted in irreversible failure of reflex activity at

a much earlier tige than in the ‘case of a root in which the connection

with the ganglion was intact. Furthermore, roots connected to'their

. E]

gang]ia cou}d, after a period of rest, recover thetr'abi11ty‘to evoke
reflex - responses to st1mu1at1on in contrast to cut roots. Scott thus

demonstrated that: the nerve ce11 body was an 1mportant factor in the

L]

ma1ntenance of the ref]ex functtpn of the axon. The ‘mechanism for th1s,

™ . *

he suggested was a passage of substances from the, nerve cé]] body to

*y
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the nerve endings.

The existence of such a mechanism received strong support from .
the experiments on taste buds, as mentioned before, in which the onset
of degeneration depended on the length of the remaininé distal nerve
‘'stump. The most 1ikely explanation for the phenomenon appeared to be
that the nérve.re1eased substances requiredlté support taste buds and
that these factors could be passing down the nerve axon from the cell

bodies ( Parker, 1932; Parker & Paine, 1934 ).

b) SLOW AXOPLASMIC FLOW

Neis§ & Hiscoe ( 1948 ) were the first, to prbv{de direct evidence
. for the existence of a proximo-distal flow of materigls in nerve axons.
They placed partially constricting cuffs around nervés, and observed
that prokima1'to thg cuffs, there was a swelling of éﬁe nerve. They -
coné]yded;that a proxjmo~d15ta1.fjdw(bf 5xop1asm was being dammed up.
When the obstruction on the nerve was released, the axoplasm which had
. accumulated began to move at rates estimatéd at 1 to 3 mm per day.
Thisﬂmovemént of axonal material has been cg]]ed slow axoplasmic flow.
The study of the‘intfé-axoﬁa1 movement of subétanées became more
refinéd_with the advenf_of auforadiograhic and radioactive tracer
teqhhiques. Droz & Leblond ( 1963 ), were able to demonstrate that
following ihjgctions of 32P- and 3H~1abeHed compounds in m{ce, radi@g
active matertal appeared .to have moved through th; inteniérs of nerve
cells and axons at a rate qf about 3 mm per day. Following injections of \

?2P- into the spinal cord of cats in the vicinity of spinal motor neurons,
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Ochs and his co]féagues ( Ochs & Burger, 1958 ; Ochs, Dalrymple &
Richa}ds, 1962 ) were able to demonstrate that radioacfive]y labelled
‘material was moving in the sciatic nerve towards. the periphery at a rate
of about 4.5 mm per day.

Al though the mechaniém of slow transport is not clear, it appears
that there must be a continuity between the cell body and its axon for
the process to continue. In'rabbit vagus nerQes, Frizell, Mc]ean &
Sjostrand ( 1975 ) demonstrated that ligatures placedon the nerve stopped
slow trénspor? of 3H—]abe]]ed protein %p the distal portion of the nerve:
whereas the transport i; the proximal section was left intact.

The fate of the proteins transported in axons is unclear. The
major portion of the material is undoupﬁed]y destined to be used by thé
axon itself; thever, some of it may be transferréd across synapses to
* other neurons..Grafstein ( 1971 ) demonstrated that following injectiqu
©of 3H—pro1ine into the posteéior~eye chamber in mice, a significant amount
of radioactfvity cbu]d.be-obseryed in the visual cortex, suggesfing that
.a traﬁsneurona] transfer of labelled mateéia] had occurred. Such 5
transfer of material could be the basis of the mechanism of nerve.trophic

-

action.

c) FAST AXOPLASMIC TRANSPORT

In addition ‘to the slow rate of flow described above, there is
a much faster transport system i nerve axons. Ochs and coworkers
( Ochs & Ranish, 1969 ; Ochs & Johnson, 1969 ) demonstrated that when

a labelled amino acid such as 3H-]eUcine is injected into a dorsal root
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ganglion in the cat, a wave of radioactivity can be found travelling
outwards from the ce}l body and down the sensory axons at rates of
approximately 400 mm per day. Similar rates were obtained in motor

nerve fibres when the ?H-]eucine was injected into the ventral portion

of the spinal cord. The 3H-]euc.ine injected into a dorsal root ganglion
or the spinal cord ts very rapidly taken up.by the cell boéies of the
neurons, incorporated into proteins and then transuqrted out into the
axons ( Ochs & Johnson, 1969 ). If the protein synthesis inhibitors
puromycin or cuclgheximide were 1pjected into a ganglion priur‘to the
injectiog df'3H-1eucine, no out-flow of labelled material was ouserved

( Ochs, Sabri & Ranish, 1970 ). Ilf the 1ngection of inhibitor was made

5 minutes after the_injection of 3H-]euc§ne it was no longer as effective
and some outf]ow occurred. An 1nJect10n 20 minutes ‘after that of 3H leucine
produced almost-no 1mpa1rment at all., Eurthermore, biochemical analysis
of the nerve following an injection of 3H-]eucine showed that most of

the radioactivity was in the protein fraction, and that very little’

[ »

radioactivity was due to free leucine in the nerve.

n® ke

d) INVOLVEMENT OF MICROTUBULES i

The precise mechanism of fast axoplasmic transport is not yet
clear, but evidence suggests’ that the microtubules found 1n nerves may
be 1nvoTved { cf Schmitt & Samson, 1968 ), perhaps by prov1d1ng a "track"
a]ong which substances may be transported. These 11near1y organized

structures are also observed in other cellular systems in wh1ch movement

occurs, such as in the m1tot1c sp1nd]e and in cilia and f]age]]a



42
Agenfs such as the anti-mitotic drug colchicine, which impair movement
. in these processes, apparently by interacting and binding to microtubles,
also block axép]asmic transport ( reviewed by McClure, 1972 ).

Though microtubules are thus strongly imp]icafed as being an
§mportant component inlthe mechanism of fast axoplasmic transport, there
are some observations which are apparently ;o; so clearly indicative-of .
their.ro1e. Axoplasmic transport has been blocked by co]chicjne
injections in the crayfish without evidence of microtubule disruption
( Fernandez, Huneeus & Dévison, 1971 ). Byers ( 1974 ) similarly
demonstrated block of axoplasmic transport with colchicine application
to rabbit vaéus nerves, without significant damage to m{crotubules.

" Furthermore, garfish olfactory nerves appear-to have only 2 or 3
microtubules per fibre ( Gross & Beidler, 1973), but axoplasmic transport
in these nerves is similar to that in nerves containing far greater
numbers of these structures. It has been sqggestgd ( Byers, 1975 )

that thevendop1qsmic reticulum and tge axolemma may be involved, and

that microtubules play ma?n1y afSEructural ro]é. Thus at thg present,
the real nature of the mechanism.of fast axoplasmic -transport remains
vague. Whatever the mechanism however, pﬁé fact rehaihs that ;ntt-
mifoticudrugs such as colchicine and vinb]astiﬁe are able tg'b1ock this .
process. kreutzberg ( 1969 ) demonstrated tﬁat‘proxima1 to sites o% .
'cqlch{ciné injections in rat sciatic nerves, large acchmu]gtions of
acetylcholine esterase ( AChE ) could be observed.This was 1ntérpreted

as beiné duge to a block of axoplasmic-transport by the drug.'.Simiiqr1y;_

Dahlstrom ( 1968 ) demonstrated that the. passage of amine storage
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granules in nerves could be blocked by coléhcing.

e) ENERGETICS OF FAST AXOPLASMIC TRANSPORT

Fast axoplasmic transport in nerve fibres i; Lndépendent of'the

.cell bod} and normal rates of flow can be observed in nerve segments

distal to ligatures ( Ochs, 1971 ). Even isolated segments of axons

in vitro exhibit normal rates of tranéport. The mechanism for fast

axoplasmic transport appeérs to be present along the-entire length of

the axon It is also highly dependent on ox1dat1ve metabo11sm ( Ochs,

1971 \\\Axoplasm1c transport w111 not occur through an area made

anoxic or an area po1soned by 1nh1b1tors of oxidative metabolism like

cyanide ( CN Y or dinitrophenol ( DNP , Ochs, 1971.).
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THE GENERAL STRATEGY

The experiments described in this thesis were undertaken in
order to obtain a better understanding of the way by which the motor
nervé hight exert-a irophic influence ‘'on skeletal muscle. Denervated
skeletal muscle, as has been described earlier, undergoes a large
number of physiological changes. HoweQer, the question is still not
resolved -- are these the consequences of a loss of trophic influences
of the nerve, or the loss of impulses which normally keep the muscle
active?

THe following report describes experiments designed to detect
a possible trophic inflyence that the nerve might have on skeletal
muscle, by attempting to 1n§erfere with neuronal transpdrt while Teaving
nerve 1mph1se activity intact. To achieve ;his, co]chiciﬁe was u%ed
to block axoplasmic transport in the sciatic nerve of rats. The assump-
tion was made that if trophic factors were involved, they would most
likely be synthesized in the cell bodies and then carried to the term-
inals via axoplasmic transport. Colchicine was injected subépineural]y.
1nto.the sciatic.nerve of rats and sﬁbsequent]y‘the EDL muscie was
studied to observe whether or not "denervétion—]ike? changes had
occurred. If such changes could be observed in the muscie without any

impairment of nerve impulse activity, then a case could be que'for

the participation in the control of skeletal muscle fibre properties

of trophic factors supplied by the motor neuron.
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1. ANIMALS

The animals used in the experiments described in this thesis
were male Wistar rats procured from a local supplier ( Woodiyn Laborat-

ories Ltd., Guelph, Ontario ). Animals weighed from 140 g to 450 g.

2. DRUG APPLICATION

. Animals were treated with colchicine in one of three ways:
(1) a solution of colchicine was injected through the epineurium of
the sciatic nerve, { 2 ) a solution of colchicine was injected system-
icél]y'and ( 3 ) colchicine was appiied chronically by means of a
silicone rubber implant, impregnated with the drug. Vinblastine sulphate
( Eli Lilly ) was also used'in a few nerve-cuff experiments. The
colchicine was obtained from BDH Chemicals Ltd. ( Toronto ). The vin-
blastine sulphate was obtained from E1i Lilly & Co. Ltd. ( Toroﬁto ).
The doses of colchicine injected rgnged from 40 to 156 pg per 100 grams

of animal body weight ( b.w, ).

a) SUBEPINEURAL INJECTIONS OF COLCHICINE

During ether anaesthesia, the sciatic nérve of one side was
exposed at mid-thigh level and 1 to 5 ul of a 0.2 M colchicine solution
was‘injecked through fﬁe epineurium, as superficially as possible.

The injéction was made using a glass microcapillary connectea by'a

:po1yethy]ene tubing-to a 10 pl Hamilton syringe. To avoid clogging of
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the solution in the injecting system, the colchicine was dissolved in
a mixture of 2 parts ethanol and 8 parts sodium phosphate buffer ]
( pH 7.2 ) as descniﬁed by Kréutzberg ( 1969 ). As a control, animals

were also injected with this solvent alone ( 1 to 5 pl ).

b) SYSTEMIC INJECTIONS OF COLCHICINE

C61chicine was administered systemica11; by injecting 0.1 to
0.5 ml of a 2 mM solution of the drug dissolved in saline ( 0.9% sodiwﬁ
chloride ) intraperitoneally ( 1.P. ) or intramuscularly ( I.M. ) into
the(lumbar muscles.

v . -
c) CHRONIC APPLICATION OF. COLCHICINE TO THE SCIATIC NERVE

Under ether anaesthesia, one sciatic nervé was exposed at mid-
tﬁ;gh level and enclosed by a si1icone—:ybber nerve-cuff, impregnated
with colchitine. This proceddre was similar to that of Robert & Oester
( 1970 ), who applied nerve-cuffs impregnated with local anaesthetics
to the sciatic nerve in rabbits. To minimize diffusion of the drug
éut of the cuff to the surroundind'gissues,'a p]astic'sheath was placed
around the cuff and Kept in place by a ligature. The cuf%s haa a length
of about 8 mm, outside diameter ( 0.D. ) of about 5 sm and an inside
diameter ( 1.D. ) .that varied from 0.8 to 1.6 mm in different experiments.
The rats used in this serie§ of experiments weighed 270-350 g.

' In order to avoid trauma of the nerve, the cuff was not only

slit longitudinally on one side -but also was cut a]most'comp1ete1y on

" the opposite side, just 1éaving a thin bridge which acted as a hinge.
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The cqff_was opened for its placement around the nerve and then gently
closed. Once positioned, the cuff completely surrounded the sciatic
nerve. l

The cuffs were prepared by carefully mi{ing colchicine with
the fluid silicone monomer to obtain a coﬁcentration of 0,10 - 0.153‘W/ﬂu,
This mixture was then placed in app}opriate molds where\ft“washleft for
several days until polymerization was completed. Two types of silicone
rubber were used, both produced by Dow Corning ( Ann Arbor, Michigan ):
Silastic Medical Adhesive Silicone type A and Sylastic Medical Grade
Elastomer 382. The first type is a one part.system which polymerizes
on contact with moist air, giving off acetic acid in the process. The
second i; a two part system, requiring the addition of an appropriate
catalyst ( bow Corning catalyst E ) to polymerize the silicone monomer.

Catalyst E was used at a concentration of 0.10%. In a few rats, cuffs

impregnated with vinblastine ( 0.10% w/w ) were implanted.

3. DENERVATJON PROCEDURE

To denervate ‘the EDL muscle, the sciatic Kerve of one side was

exposed at the mid-thigh level and cut.

4. CLINICAL EXAMINATION OF ANIMALS

-

After treatment, all rats were carefully checkéd ( usually
twice a day ) for possible neuromuscular impairment. The'appearance
of leg paresis was ascertained by visual and manual examination. Thé

degree of active extension and spread of the hindlimb digits, the-amount -

- ”
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of extensor tone of the foot and the strength of extensor voluntary
movements weré noted. Rags were picked up by the back_of the neck
and held in a vertical posi’ti‘on.‘i Under these conditions, the hind-
1imb digits in normal rats are spread ( extended ) and remain go for
as long as the animals are maintiined in such aoposition. In animals
that had deye1opea even a mild 6éﬁ;s§§, the extension of the hindlimb
digits was obviously affected. The %oot was als; }ightly stroked and
a finger placed under the foot to test the degree of gxtensor tone

”

and extensor voluntary movements,

5. MICROELECTRODE EXPERIMENTS

At various times ( i to 8 days.) after colchicing treatment,
fhe rats were anaesthetized with sodjum pentobarbital and the EDL
muscles were dissected out with theif'nerves ( see.Fig. 1 ) and per-
fused in a chamber at room:temperafure (22«25 % ). The perfusing
f]uid was bubbled continuously before reaching the chamber with a gas

N fitxture of 95% 02 and 5% CO2 and had the folaowing‘composition}
NaCl 135 mM, KC1 5 mM, CaC.l2 2 mM, MgC]z'GHZO 1 mM, NaHCO3 15 mM,
- Na,HPO, 1 mM, D-glucose 11 mM. The perfusion rate was about 300‘m1 per
hour. .In most experiments, both the EDL muscles of the treated and
of, the contéé]atena], nontreated side were placed in the chaﬁber.

v

a) INTRACELLULAR RECORDING

Intracellular recording§ from the superficial muscle fibres of

the déep"surface of EDL muscles were made with microelectrodes filled
3 e ”
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FIGURE 1. Diagrammatic representatiohibf the anatomical location
—_ . < ]
of the EOL muscle. It arises from the lateral epicondyle of the
. . 4
.femur. The muscle divides into four parts; the’tendons pass under e

the annular ligament lateral to the tendon of the t{bielis anterior- *

-~ . N
[

( AT ) and 1nsert on the base of the th1rd pha]anx of d1g1ts tvo.and

P

five. The EDL muscle is 1nnervated by the deep peronea] nervé, ’

Surg1ca1 Procedure- N1th the rat lying on’ 1t6 backP an

~1nc1s1on through the ‘skin was Made in the»vehtraﬂ aspect of its 1eg

and thigh. The d1sta1 tendon of the t1b1a11s anter1dr ( AT ) was ‘cut

<

and the musc]e was pul]ed up and freed of its connect10ns to the
ad3acent-t1ssues The extensor d1g1torum Torfgus ( EDg musc]e is.
located. d]rectly subjacent to the AT. I@s.d&sta] and pfoxjmal Iehdone

vere freed ﬁrom the sdrrounding tissues and its ner&e ( the deep

o

) . .
peroneal ) was d1ssected back to the sciatic nerve and cut Thefherve-

muscle preparat1on was then ready to be mounted inethe bath:

v .’

-y »
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with 3 M KC1: ‘These electrodes had resistances of 5-15 MQ and had tip'

potentials generally less than 3 - 5 mV. The e]eetrodee were pulled
from borosilicate, meltirg point capillary tubing gTass of 1.6 - 1.8 mm
diameter ( Kihb]e Prodgfts, USA ) on a David Kopf ( USA ) or Narashige
( Japan ) microe1ectroaz puller. A1l microelectrodes in these experi-
ments were "back filled" by ueing_the glass fibre technique ( Tasaki,
Tsukahara, Itp, Wayner & Yu, 1368 ). This consisted of placing 4 to 6
fine glass fibres obtained feom filter type glass weo] into a capilliary
tube before pulling it into a miche]ectrode.” The microelectrode
resulting from this precedure could then be fﬁ]feg by simply introduc-
ing the desired solution into the shank of the tube. The solution
would then very rapidly fill the tip by capillary action of the‘g]ass
fibres and the e]ectr?de would be ready for immediate use. | ‘

-

-

b) LONTOPHORETIC APPLICATION OF ACETYLCHOLINE ( ACh )

Py

: Pulses of ACh were apried to highly Tocalized areas of EDL

muscie fibres by ﬁicréioﬁtophoresis ( del Castillo & katz, 1955 );

The basic circuit is i]]ustrated in Fig. 2. This technique takes
advantage of the fact that ACh in aqueous so]ut1on is a p051t1ve ion.

A pos1t1ve charge applied to a p1pette conta1n1ng ACh resu]ts in the
eJect1on of ACh ions, in a charge dependent fashion. The ACh micro-
p1pettes in these exper1ments had resistances of 30 - 40 MR, and tip
sizes <-0.5 . S1nce e]ectrodes of this size "leak" a sma11 amount of
ACh from the t1p, a “"braking- current" of 5 x 1077 to 1 x 1078 Amp§ had-

to be app]ied te prevent this :leakage of ACh and” to avoid consequent

a

d

1
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FIGURE 2. The basic gircuit diagram for the electrophysiological
investigations. A 3 M KCI electrode ( KCL ) in a m{croelectrode
holder ( H ) contain}ng a-si1verfsi1ver ch{oride ( Ag-AgCl ) junction
vas u;ed.tb impale muscle fibres ( EDL ). The signal from the microi
electrode ( KCL ) was fed into an‘e}ectrometer amplifier ( i.e. a preamp,
PA, WPI, W-P Instruments, U.S.A. ), the signal from whjch vas then
displayed on a digital voltmeter ( DVM, John Fluke, U.S.A. ) and a
storage oscilloscope ( CRO, Tektronix, U.S.A. ). The preparation was
grgundéh by an_Ag-AgCl electrode ( GRD ).

4 For iontophoretic application of ACh,‘the 3 M ACh electrode
( ACh )-wés brought to about 100u of the KCl1 electrode and.positionéd
just extrape]]ﬁlar to the muscle fibre. At this point, two'sequential
trjggering signals ( arrows 1 & 2 from TRG ) were released from a
triggering Q?vice ( TRG; a Digitimer, bevices, England’) wﬁich %irst
( arrowﬁl ) triggered the osci1loscopé trace and then 200 mséc later -
triggered (‘"arrow 2 ) tﬂé stimulator ( STIM, Devices, England ) to
. p(oduce a square Qave, positive éurrent pu1§é 9f variable }ntensity'_
and duration ( see_text-)‘acrosé the'ACh electrode. Included in the
stimu]dfor circuit waé‘a "Brangﬁ_current" device( BUCK.) which was
used to brevent 1gagage~ﬁrom the elctrode ( §éé text ) and a-106Ma

resistance ( R ).
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ACh receptor desens{tization.. The amount of braking current required
for each electrode Was determined bx bringing the ACh pipette in close
proximity to a denervated muscle fibre whose RMP was be{ng monitoreq.
If a depolarization of the muscle fibre was observed, then the braking
current was increased until no leakage from the tip could thus be
detected. ACh was éxpe]]ed from the pipette by positive square wavee
current pulses of variable duration (2 - 75 msec ) aﬁd intensity

7

( 0.5 to 3.0 x 107" Amps ).

To test whether a muscle fibre exhibited_extrajunctionq{
sensitivity to ACh, it was 1mpa1ea with a recording microelectrode
usua]]& first near the tendon rggioq. The RMP was recorded and observed
on a itorage oipi]]oscope with a slow sweep speed ( 200 msec peﬁ cm ).
.The iontophoretic pipette was brought to within 50 to 100 p of_the
reco%ding electrode and was positioned just extracellular to the muscle
fibre. A positive current.ph]se was then\app1ied to jt. If the muscle
f{bre:%embrane was sgns{tive to ACh at that location, é slow, cﬁarak;er-
istic depolarization ( an "ACh-pofeﬁtia]”, lasting 0.6 to 1.0 sec )_o£
a few millivolts ( 0.5 to 9.0 hv ) could b; observed.

i Membrane sensitiy}ty to ACh was expréssed in “Uni%s” according
to Mi]edi.( 1960 ); 1 unit of éenéitivity being .equal to 1 mV of mgm;ﬂ '

9 ) of charge passed

brane depolarization per 1 nanoCoulomb ( llx 10”
through the ACh bipette. The current being passed:throudh the Ton%o-
phoretic pipette was monitored An-an oscilloscope. A 10 msec square

wave pulse of 1 x 107/ Amps current regd]ted in 1 nC of charge passing

through the electrode.
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c) DETERMINATION OF RESISTANCE TO TETRODOTOXIN { TTX )

Mubcle fibres weré excited directfy by applying cathodal pulses
through a 2 M K citrate, 1ntrace11u1ar m{cyopipette. The resﬁqnse of
the stimuHated muscle fibre-was monitored by a recording microelectrode
aboui 100 u fﬁﬁm the stimulating one. A DC hyperpolarizing current was

passed through the stimulating electrodeto obtain. a steady membrane
nci . ‘

pp%entia] 6% about -90 to -100 mV as described by Redfern & Thes]eff
( 1971a ). The action of tetrodotoxin ( TTX, Sankyo, Tokyo ) on the

spike generating mechanism was assessed after adding the toxin to the

°

bafhing fluid to obtain a concentration of 1070w,

S K}
. — . ¢ <

~

Axbhai transport was'studieqﬂby qbserving the passage of tritium
labelled material in the sciatic nerves of treated and untreated animals.
This technique has been degcribed by others ('Ochg & Burger, 1958;._
Ochs, 1972 ) and consists of injecting 3H-]eucine ¥nto the spinal. cord,
in the vicinity of the motor neurons giving rise to the sciatic nerve.
Measurements were made éither on thé ipsilateral side, contralateral
side or both,*3 to 51 hours after co}chicine injection‘into one sc%atié
nerve. Animals were anaesthetized with sodium pentobarbital and a 1amih:
ectomy was pe;formed over three vertebrae of the 1umb$r enlargement of

the spinal cord. Thehﬁrecuﬁsék, L-leucine 4,5- 3H(N-), was obtained

- from New England Nuclear Co. ( USA ) and had a specific activity of

2 H
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41,2 Ci/ m mole in a 0.01 N HCI so\uﬁion at a concentration of 1 mCi / ml,
One ml of this solution was dessicated to dryness and resuspended in

200 pl of isotonic saline to give a final concentratién of 5mCi / ml.
Once the dura was opened, 5 injections were madé in the selected half

of the spinal cord of 4 ul each and 1.8 mm apart in a rostrocaudal

direction at depths of 1.2 to 1.6 mm. Injections were made with Dow

4

Corning g]as§ micro~sampling pipettes ( 50 ul ), graduated in 4 ul
segments and pulled to have tips of about 30 u in diameter. These Qere
%i]]ed with the 3H—1euciné‘so1ution by aspiration. Accurate placement
of the injections wéé usually -signalled by strong twitches and move-
ments of the-iﬁsi]aterai'Yég. The skin flaps were then closed and the

aﬁima]s kept warm to maintain rectal temperatures of 36.5 to 37.5?6.

L]

h'This was jmbortant because of the high dependence of the rate of .axo-

plasmic transport on temperature ( Ochs & Smith, 1971 ). Pentobarbital
was administered as required to maintain a deep level of anaesthesia. ”
After the desired flow time of the labelled material had elapsed

( 3.25 to 6.25 hours ) the animals were decapitated, the sciatic nerves

and corresponding ventr&] roots. ( usually two roots ) were isolated

and tHe dorsal root gangiia.disseciedvaway. The nerves were partially
dried at their in vivo length and wefe.then divided into seqpéntia]

3 mm ségments each of thch was placed into a glass scintillation vial.
Each sample was then rehydrated by the addition of 2 drops of distilled
water and then so]ubiiized by the dddition of 0.5 ml of Protosal ( New
England Nuclear ) and heating at Sdoc for 6 to 10 hours. After solu-

bilization, each vial was analyzed for 10 minutes in a Beckman counter

»
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following the addition of 10 ml of scintiilation fluid. The composition
of this was: & grams of PPO ( 2,5-diphenyloxazole ) and 0.2 grams of
POPOP ( 1,4-bis ( 2- (,5-phenyloxazo1y] )) in 1 Titre of toluene. These
chemicals were obtained from Fischer Chemicals ( Toronto ).

The quenching of radicactivity varied little from sample to
sample. Since the number of counts per minute ( CPM ) measured by the
~scintillation counter is directly proportional to the number of
diéintegrations per minute taking place in the sample, the CPM was used .

as the indicator of sample radioactivity.

a) CALCULATIONS INVOLVING AXOPLASMIC TRANSPORT

The amount of raaioactivity from each sample was plotted
‘séq;entially on' semi-log graph paper to obtain a viéua]ization of the
profile of radioactivity in each nerve (‘see Fig. 3 ). The rate of
axoplasmic transport was obtained by simply dividing the distance the
radibactivity had reached peripherally in the nerve ( arrow 2 in Fig. 5 )s
by the tiﬁe the process was allowed to continue, The.dist?nce that tﬁé
radioactive "wave" had reached was détqrmined as the point at which the
slope of the.advancing wéVe-front ( dotted line at 1 in Fig. 3 ) of
radioactivity intersected with the bacgground level of radicactivity

( BKG in.Fig. 3 )l The "crest height" or amp]itﬁde ( arrow 3 in Fig. 3 )

was taken as the maximum amount of radiéactivity in the crest..

7. MEASUREMENT OF MUSCLE SENSITIVITY TO BATH APPLIED ACh.

EDL muscle were dissected -out 20 to 110 hors after a systemic
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FIGUREA3. A diagrammatic representation of a typﬁca] profile of radio--
activity observed in the sciatic nerve, 3-6 hrs following injections of
3H-1eucine into the spinal cord. No data points are represented for
gimp]ic%ty. The "crest height".or amplitude of the radiocattive wave-front
was taken as the maximum amount of radioactivity measurable as illustrated
by the arrow at 3. The distance tha;,the radioactivity had reached ( iﬁter—‘
secting dotted lines at arrow 2 )‘was.taken as the point at which the
slobe of the advancing wave~front ( dotted line at arrow I ) inter-
sected with fhe backgroun¢ level of radiocactivity ( BKG ). Rate of axo-
plasmic transport was calculated by dividing the distance the radio-
activity reached in the nerve by the time that this process was ai]&wed
to continue, The result‘was expressed in terms 6f millimetres ( mm ) |

per day.
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injection of colchicine in 170 to 195 g rats. A Tigature was placed
on both distal and proximal tendons.( see Fig. 1 ); one being attached
to a strain guage, the other to a fixeﬁ point in a.muscle bath. The

© whole prepération was positioned verticaﬁ]y 1n‘a small ( volume about
10 ml1 ) muscle bath. The muscle was then exposed toavarious concentra-

tios of ACh (1 x 1077 M to 1 x 1073

M ) dissolved in mammalian Krebs
solution ( composition previously given ) which was radiply introduced
into the chamber (-0.3 to 0.5 sec'). The response of eaéh muscle was
recorded on a paper, strip-chirt,recorder ( Gfass Instruments, USA ).

: dose-response curve of the tension produced by each muscle in response

to various concentrations of ACh was constructed.

8. MUSCLE CONTRACTION MEASUREMENTS

'Isometr1c record1ngs of the EOL muscle contract1on wére
performed in vivo, during pentobarb1ta] anesthes1a The distal tendon
was sectioned ( see Fig. 1) and the distal half of the muscle belly
freed from the surrounding tissues. .The tendon was then connected to
a Grass FT;O3 Transducer. The knee was rigid]} fixed with a small screw
coﬁnected to a bar and the foot held in ahclamp. §1ng]e and repetitive
supfamaxima] electrical pulses ( up to 100 Hz ) were applied to the
sciatic herve both'proxiﬁal and distal to the site of colchicine
applicatign ( injection or_ a nerve cuff ). .TO'avbid contaminatioﬁ due
to the evoked contraction of pfher muscles, the posterior tibial nerve

was transected and the tendons of all muscles supplied by the common |

peroneal nerve were sectioned at the level of the ankle.
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1. INJECTION OF COLCHICINE INTO THE SCIATIC NERVE:

EFFECTS ON MUSCLE FIBRE MEMBRANE CHARACTERISTICS

The first question that was pursued in these investigations
was, what effect would a block of axoplasmic transport, produced by
an injection of colchicine into the sciatic nerve, have on the
meﬁbrane characteristics of the muscle fibres in the EOL muscle of
the raf?

-

a) SENSITIVITY TO ACh

Four to five days after the subepineural injection of co1chiciné
( 80-100 g /.100 g b.w. ) into one sciatic nerve of rats -weighing 150-
170 g , the ipsilateral EDL muscle fibres were 2xamined for sensitivity
to iontophoretically applied ACh. The sensitivity to ACh of normal EDL ,
muscle fibres is confined solely to the end-plate region ( Fig. 4 ).
Fig. 5 i]]usfraﬁes the extrajunctional seﬁsitivity of an EDL muscle fibre
to ACh 108 hrs .after an injection of gofchicine {nto the ipsi]a%era]‘
sgiatic nerve. Nine fibres in all were tested in this musé]e, ;nd
everyong of .them exhibited sensit%vity to ACh.at'every tested position
along ;he{}‘ﬂength. The mean sensitivity near the tendon region was

8.2+ 2.5 units ( mean + S.E.M. ). These results are in marked contrast

© to those from norfally innervated EDL muscle fibres; in seven such fibres
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FIGURE 4. The resbonses recorded from a normaily innervated EDL muscle
Sfibre to iontophoretically applied pulses of ACh. A is at the tendon
region, 4.6 mm from the end-plate region. 8 ;nd Care 2.8 and 1.4 mm."
respectively from the end-plate region: The 1Pntophoretic pulses in

A, B‘and C are 75.ﬁséc Hn duration; at the end-plate region the pulse
was 5 msec in duration. As can be seen, there was only é‘response to
-ACh at the end-plate region. E is an indirectly evoked action pétential
recorded at the tenaon region A, indicating that this fibre was innerya-
ted. The RMP of this fibre was -61 mV by ;he.time.E vas recorded, and
this 1ow‘1evé1 could account for the ]ack.of overshoot of the action

potential, ' . ' - Ve
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FIGURE 5. Responses recorded from an EDL muscle fibre «ipsilateral to
a sciatic nerve injected with 152 ug of colchicine 108 hours earlier -
( 163 g rat ) to iontophoretically applied ACh. A: tendoﬁ region'; F:
end-plate ﬁegion. ‘Distancés in mm from the end-plate are indicated
below A to E.' Iontophoretic pulse duration is.20 msec in B and C, and
10 msec in’ihe remaining records. The low amp]iFude of the "ACh potent¥al"
at the end-plate is dqe to the low RMP consequent to the multiple
penetrations, and to the .nor-optimal tocation of the ACh electrode.
G: indirect spike recorded. at the tendon region of the .same ﬁ&éc]e
fibre,‘soon after the ACh potential shown in A was évoked; after the
sp%ke the‘muscle twitch dis]odged.thé electrode. H: m.e.p.p.s recorded
at posdtibn F. The average sénsitdvity at the tendon région was

8.2 + 2.5 units ( mean *+ S.E.M., 9 fibres j. Six out of the 9 fibres

were excitable by nerve stimulation.
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FIGURE 6. - The responses recorded froﬁ_é 5 day qenervated‘EDL‘musq1e

fibre to iontbphoretica]]j applied duléés of ACh. The number below
each response indicates the distance from the end-plate region that -
the recording was made. EPR indicates the response recorded near the

end-plate regioh itself. Duration of the_iontopﬁoretjc.pulse was 5 'msec

'iﬂsgllcases except B and C where it was 10 msec. - As can be seen, there

was a response to AGh everywhere aioﬁg the muscle fibre. . °~ -,
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thgﬂsénsitivéty to ACh was pbseréedanways to Béﬂ]imited to th%_end—p1ate
region ( Fig. 4 ). ‘ o
Following deneryatfon, s%g]eta]‘musc]e fibres become sensi@jve fo

ACh along théir entire length ( Axelsson & Tﬁes]éff, 1959 ). Fig. 6
illustrates the sensitivi}y of an EQL muscle'fibre to ioﬁfophoret%ca1ly
applied ACh 5 days“after the sciatic nerve was sectioned. Six fibres in
all were gfamined in this musclé and everyone of them exhibitéd a high -
Tevel of extrajunctional sensitivity to ACh. The mean sensitivity at
the tendon region, about 5 mm-ffom the end-plate region in these fibre§,
was 34 2.5 units ( mean + S.EM.,.6 fibres ). /

| Since the éxtraiunctional sensitivity to ACh in EDL muscle fib}es
fo]]ow{ng the injec£ion of co1ch1£1ne into the sciatic nerve so resemb}e§
that f0f1owing denervation, it was 1mbortant to test whether the drug was
in fact,hausing ; “chemical" denervafion, i.e., producing neuromuscular,
transmissien faiiure at the ending§ of the treated nerves. Two criteria
were used tO'evaluhte the condition of nguromuscp]hr transmission: ( &)
.could m.e.p.p.s be recbrded’at thefendxp]atg region of muscle fibres?
(2) could agtion-poﬁéntia]s pe recorded in the muscle f{bres foT]bwing
stimulation of the sciatic nerve central to .the site of colchicine - |

" injection? | . | ' _ ‘ i.

Examingtion of EDL ﬁuscfe;fibres on the jps%]atera] side fo]]owin§
an injgﬁtionjof co]chibine into the sciatic ne}ve 4 to 5 days earlier
revealed that 94i of the tested %ibres ( 192" fibres in 12 animals ) '
exhibjteQInue.p.p.S'( Ff@f 5H ). Thése m.e.p.p.s had a frequency of 1.7

. per sec * 0.3 per sec ( mean & S.E.M. ) and a mean ampLitude of 0.70 +

0.15 mv ( mean £ S.EM., measured in 5 fibred 5. This value was not
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significantly different from that observed in normal fibres ( P > 0.20 ).
These EDL fibres, which displayed extréjunctiona1 sensitivity to ACh’
'and had-m.e:p.p.s, é]so produced action potentials in response‘tq
stimulation of -the sciatic'nerye ( fig. 5G ). '7hé EDL muscle fibres
that did not display m.e.p.p.s ( 6%Aof 192 tested fibres, 12 animals )
also did.nbt produce action potentiais in response to stimu]atién of
the sciatic nerve.. Since the recording electrode impaled the mqéc]e
fibre at its tenéon region; and the sciatic nerve was stimulated central
to the site of colchicine 1ﬁjection,_the preseﬁge of a muscle action
pptent{al indicated that conduction was not being impaired either in the
nerve or muscle, and that transduction of the nerve 1mpuise at thé néuro—
muscular junction was taking pjace. ‘

In summary then, as %11ustrated in Fig. 5, EDL'mus§1é fibres
" examined 4 to 5 days after an inject%on of colchicine into the ipsi]ateré] .
sciatic nerve, éxhibited extrgjunctional sensitivity to ACh. These fibres’
however, were not denervated. since they displayed m.é.p.p.s ( Fig. 5H )

and responded to nerve stimulation with ‘transmitted action potentials

( Fig. 56 ).

2. . A SYSTEMIC EFFECT bF COLCHICINE

The EDL musc]e;on the contraiaéeré] side to the 601chiéine.
injection was éxamined as a routine'controf; ﬁnéxpected]y;_this muscle
was also found to have fibres'whjéhie&hibited extrajuﬁctiona] ;eqsitivity
to jontopho%etica]]y applied ACh. Foyr to 5 Qayéjaftér the~injection of

300-320 ug of colchicine into one sciatic nerve of rats weighing 320-440 g
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( in 6 animals ), 24 out of 29 ( 83% ) ipéi]atera1 EDL muscle fibres
.and-42 out of 55 ( 77% ) contralateral EDL muscie fibres exhibited
extrajunctional sensitivity to ACh. An example of the responses of
EDL fibres contralateral to the co]cﬁicine injecﬁion is iljustrated
in'Fig: 7. As found for the ipsilateral muscle fibres that exhibit
extrajunctional sénsitivity, the contralateral ACh-sensitive fibres.
all had m.e.p.p.s and.transmitteh actioﬁ potentials. .

A typical example of thig possible sxsfgmic effect of a sub-
epineural injection.gf colchicine (.152 ug iﬁto a 166 g rat ) into one
sciatic nerve of a rat is illustrated in Fig. 7.'/éxamined 75 hrs after -
the‘injectibn, every EDL musg1e fibre tested 1nmthis animal, both ipsi-
and contralateral, was found éoexhibitextrajunctioné]bsensitivity to
ACh. A1l the examined contraiatera1.fibres ( 14 ) had transmitted |
action potentials while 11 out of the 14 examined {péiﬁatera{ fibres
‘respon@ed with transmittéd action poteﬁtja]; following stimulation of
* the sciatic nerve. ’

The EDL muscle fibres on the ipsilateral, treated side were
compared to the fibres on the contraTétera1 side wifh respect to the
average amoun& Q% sensitivify to.ACh measured at’ the fendon‘region.

Iﬁ 8 animals ( weight range 145 - 170 g ) ih which oﬁe sciatic nerve

had been injected 4-5 days earlier with 152 uq of coighicine, the values

: .obtéine& were 6.7 £ 0.9 units on the treated side’ ( mean + S.E.M.; in 97
fipres examined ) énd 5.8 £+ 0.6 uqits on the contralateral sidg ( 101
fibres examined_).. TheseiQaIQes were not signifi;ant]y different
(P>0.1-). The rﬁnge.of the average values from animal to animal was

4.5 to 9.1 uﬁits.
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 FIGURE 7, Extrajunctional sensitivity to iontophoretically applied

ACh ( exaqined at the tendon region.l of two normally iﬁpe(vated EDL
musq]e-ffbres, one,ipsiiatera1 and the ofﬁe% contralateral to tﬁz sciatic
nerve injected with colchicine ( 152 ug in a 166 g rat ) 75 hours
pre&iously. A and C: ACh pptgntﬁa]s elicited w{th'a 5 msec ibnto—
phoretic pulse. B énd 6: spikes evoked in the same fibres with a single
shock’nérve st%hu]atioh The average ACh sensitivity at the tendon
region ( 14 f1bres on each s1de ) was 10.9 + 2.9 units nean x S.E.M. )
ipsilaterally. and 6.8 % 1.3 units contralaterally; the difference was
not statislica]]y‘signjficant (P>0.1). Indirect spikes such as
‘those shown in B and D vere obtained in 11 ipsilateral -and all 14

‘contralateral fibres.

[
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When one-half of the usual dose ( 80-100 ug / 100 g b.w.) was
injected into the sciatic nerve of 6 rats weighing 320 - 440 g , on]y.
_ ‘4 out of 35 ipsilateral fibres ( 12% ) and 2 out of 50 contralateral.
fibres ( 4% ) exhibited extrajunctional senéitivity to ACh. " If this
same amount of colchicine ( i.e. 152-160 ug ) was injected into pro-
pdrtionate]y sm§11er'rats‘( 140-170 g ), extrajunctional sensitivity to
ACh was observe& in 82% of 97 tested ipsilateral fibres and {n 88% of
101 contralateral fibres ( 8 animals ). ‘ '

B Theée.findings strongly suggest that colchicine is acting’ )
systemically even though' injected 1oca1]y into one sciatic nerve, and
that the dose of the drug re]gtiVe to the body wqight'('b.w. } of the

" » - . 5
animal is important in determining the bilateral appearance of extra-

.

. juﬁctiona] sensitivity to ACh. -

@

’ é. EFFECT OF COLCHICINE INJECTIONS ON

THE_IPSILATERAL SCIATIC NERVE

.
¥y

Since Kreutzberg { 1969-) had demonstrated“that injections of
colchiciné into the sciatic nerve of rats:'produced Targe accumulations
of acety]ch?iine esterase ( AChf ) proxihai to the injeciiog site, it -
was surprising that therg was so little effect suggestiQe o% a local
action. in tHe present experiments. A sifgle-subepineural injection of
'co]chiciné into one sciatic nerve produced bi]atéraL extrajunctional
sensitivity in EDL muscle %ibres to an equal extent. The only side to

side variation that could be attributed to the injection of colchicine
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was the observation of a small number of fibres in the ipsilateral

. muscle exhibited ex;rajunctiona] sensitiQﬁty to ACh but did not have
m\é.p.b.s or tnansmitted action potentials. 1In 7 animals ( 140-170 g.)
examined 4-5 day§ following the injection of colchicine into one sciatic
nerve,'él1 of the contfalafera] EDL muscle fibres ( 142 fibresj 7 animals )
exhibiting extrajuncéiona] sensitivity to ACh were.found to have‘m.e.p.p.s
and transmitted action potentials: - In contrast, 7%-of the 137 examined,
1ps11atera1 EBL muscle fibrés ( 7 animals ) exhibiting extrajunctional
sen51t1v1ty to ACh did not respond with transmitted action potent1a1s
following st1mulation of the sciatic nerve. These fibres also did not
display m.e.p.p.s. It wa§'conc1uaed that these muscle fibres were
effective]& denervated. -

The number 6f %psi]atera] EDL muscle fibres which could not be
excited By stimulation of the ;ciatic nerve was increased when proportion-
ately larger amounts of colchicine were 1n3ected into the sciatic nerve
of large rats 1n order to ma1nta1n the usual dose of 80-100 ug / 100 g b.w.
In 6 large rats ( 350-440 g ), 4-5 days after an injection of colchicine-
into 6ne sci%tic nerve,. 23. out of 104 ( 22% ) 1psilatgra] EDL muscie
f]bres did not have transmitted action potent1a]s In cont;agt, all o% ‘
the 89 contralateral EDL muscle fibres wh1ch were examined had transmitted
act1on potent]a]s It. thus appeared that the greater amounts of colchicing
injected into the sciatic nerve of larger rats in order to maintain the
whqle animal dose of‘80-10b ug / 100 g b.w. ( that required to produce
extrajuncffonaL sensitivity to ACh ) led to an’increasé in fhe ﬁhmber

. *

bf ipsilateral EDL muscle fibres which appeared to have been denervated.
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4. SYSTEMIC APPLICATION OF COLCHICINE

The finding that colchicine injected directly into one sciatic
nerve produced extrajunctioﬁa] sensitivity tb ACh in EDL muscle fibres
on both sides of the animal clearly indicated that the drug might: be
acting systemically. This idéa was tested. A group of rats ( 5 animals,
140-170 g ) were injected intraperitonea]1& ( 1.P. ) or intramuscu]af]y
( I.M., into thénlumbaremusc1es ) with the same doses of colchicine used
for nerve injections { i.e. 90-100 ug / 100 g b.w. ). Four days later,
the EOL musq]e fibres in both hindlimbs were examined énd found to
exhibit extrajunctional sensitivity to ACh. The‘mean sensitivity 6f the
EDL muscle %ibres to ACh, measured at the.tendon region was 6.9 £ 0.7
units ( mean t S.E.M., 93’fibres, 8 my§c1es ). This sensitivity was
similar io that of EDL muscle fibres to ACh following nerv;ﬁinjection
of colchicine ( see preced%ng section ). Thus I.P. or I.g. injections.
%f colehicine appeared to produce the same effects on muscle as’jniections
of tﬁe drug into the nerQe. 'Ia all the experiments, when thé-dosage
waslmade ﬁptdma] for the systemjc‘aéginn%\shere vere essentially: no
differences in the changes of ACh-sensitivity between the right and left

EDL muscles. o L

L3



5. ' PROFILE OF EXTRAJUNCTIONAL SENSITIVITY TO ACh

<

Figure 8 i]]ustrétes the‘profi]e-of'the sensitivity to ACh

- observed in fibres of the EDL-muscle contralateral to a nerve injected

with colchicine. In this muscle, 15 adjacent fibres were examined for

ACh sensitiyity of-the membrane beiween and including the end-plate

-and tendon regions.. As can be seen in the figure ( Fig. 8 ), the

highest levels were recorded at the.end-plate regiom ( 11.7 + 1.4 units,

mean + S.E.M., 15 fibres ). The tendon region exhibi{ed the next highest
vé]ues ( 6.3 + 0.5 units, mean ¢ S.E.M.,'15 fibres ). The intermediate
region ( bétween end-plate anq tendon.) exhibiéed values between 1.8

and 3.; units ( 45 tesped sites in 15 figrés ).

6. - . TIME-COURSE OF DEVELOPMENT OF SENSIfIVITY

TO ACh FOLLOWING COLCHICINE INJECTION -

Thg time course o% develspment of extrajunctional sensitivity
to ACh in EOL muscle fibres was studied over a period of 2 ta'7 da;g‘
fo]]qwing a systemic injection of cq]chiciné ( I.P. ) in 19 animals -
( 309 fibrest}. The results are illustrated in Fig. 9. Maximal
values of 7.1 % 0.6 units ( mean tié.E.M., 5 anﬁmaTs;:83 fibres, )
were obtaingd at the tendon .region; é days fo]iowing the coiphicine

injection. After the 5th - day following the injection, extrajdnctiona]

" senditivity to ACh decreased.
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FIGURE 8. Profile of the extrajunctional sensitivity to ACh from the

téndoﬁ to the end-plate region in 15 adjacent‘fibres of an EDL muscle,
100hours after a direct injection of colchicine into the contralateral .
sciatic nerve ( 98 ug/100 g b.w. ). A1l these f{bres exhi@ited an action-
potential following nerve stimu]ifiqn. Inset A illustrates the responsé
of one fibre to a 5 mseé iontophoreéic pulse of ACh at the.tendon region,
‘ Note that normal EDL muscle fibres have' no detectable résponse to ACh -
. outside the end-plate region, even at the tendon region. Inset 8 illustr-
ates ‘the typical 1nd{%ect action potential that could be elicited in’allz

Y

of thesg‘fibres. In B, following the spike, the muscle twitched, -

dislodging the recording eléctrode:

3
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FIGURE 9.  Time-course of acetylcholine sensitivity chandes in EDL

musc]es'_at the tendon fegion du; to systemic -action of colchicine.

The dose range wa; 90 - 100 ug / 100 ‘g'b.\-r.. The bars represent‘ the
standard error of thé mean ( S.E.M. ) z;\nd the numbers'beside ‘each bar
represent the number of animals and jché number of muscle fibres

examined respectively.
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7. ' *  OTHER DENERVATION-LIKE PHENOMENA

FOLLOWING COLCHICINE
After denervation, the spiké generating mechanism of éke}etqj
muscle fibres becomes partially resistant to concentrations of’ tetro-
. ~
_dotoxin ( TTX ) that completely block action potentials in normal

muscles ( Redfern & Thesleff, 1971b ). This was found to be true

after colchicine injections as well. In 3 rats ( 180-190.g ) examined

[

1

4 days after a systehic injection ( 1.M., 106 ug / 100 g b.w. ) of
cq]chicine, EDL éusc]e.fibres on both sides were found'to gxhibit
TTX-resistaﬁtlaction potentials. Figure 10 iW]usfrates the gesulté

+ “from one of these animals. Normally innervated muscle fibres did not

6

prdduce regenerative action potentials when exposed to 10 "M TTX ( 21

fibres, 2 animals ). Four days after denervation however, 88% of 40
tested EDL muscle fibres ( 3 animals ) exhigifed TTX-resistant action‘
potenﬁ%a]s. Muscle fibres in the colchicine injected rats also
'exhibjted TTX-resistant,actiﬁn potentials, and of 29 EDL fibres examined,
24 exhibitea TfX—resistant sﬁikés ( 8%} )i -
In:addition, the resting membraﬁe potential (RMP ) of EDL muscle -
fibres in co]@hiéine.treated animals was lower than that observed in
the normal con@ro] animals. In 6 rats ( 140-190 g ), 4-5 days after a

systemic injection of colchicine { I1.P. }, the resting potential was

observed to be. -67.5 + 0.9 mV ( mean + S.E.M., 156 fibres, 6 animals ).
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FIGURL 10.’ Pactié{ resistance to TTX of the directly evoked action
poféntia] in EDL muscle fibres 4 days after a systemic 1njéction of \
colchicine (v106 ug / 100 g bnw. ). For comparison, examples frdn a.
norm$1 and a 4 day denervdted EDL muscle are shown. 1In the normal
.confro] fibre the depolarizing current plise was‘strong enough'to evoke
two congecutive action potentials; «dn the normal fibre after TTX, 3
depolarizimg,pdlses of 1ncreasihg:ahp1itude a;s superimposed}\sthe pulse
of the lowest amplitude ( the bottom trace ) d;splaced the memdrane
potential by 30 mV without producing aﬁy ﬁjgn of ; regenergfﬁve action
potential: .Thgé is jn'manked contrast to Henervated EDL muscle fibres
-and to muscle fibres from colchicine treated animals in which a_menibrane
depolarization.of only 2<5 mV produced the action potentials éhowﬁ:

-

Only with extremely large depolarizing pulses such as 60 and 80 mV ( the

-a]](of spjkg activity, which was ind{cated by the 1nitial humps

assvciated with these depolarizations. The lack of overshoot observed

o -

the normal muscle; the action potential was blocked by_TTX in 11 tested
. ’ ’ * . f‘\
fibres; whereas in the denervated nuscle 7 out of 9 fibres were

in the other TTX treated muscle fibres is also due to the drug. In

&

‘résistant to the poison. In each record, the on and off artifacts of

o

the depolarizing current pulse are visible before and after the evoked

spike, respectively,

y
4

midd]e,and'top,graces fdr:the.norMal-TTX fibre ) was ;Here any sign .at:.‘}s ,

>
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This was significantly lTower ( P < 0.001 )$th§n the value obseryéd in

normgl]j innervated EDL\musc]e fibres wﬁich gave va]ué§\6ﬁ~—74.7 . 0.7 my

:‘7 ( mean + S'E.M., 42 fibres, 3 animals ). EDL musc1e fibres which had.

been- denervated for 4 5 days exh1b1ted‘the 1owest va]ues which were
X

-54.6 +.0.9 mV ( mean.: S.E.M., 150 f1bres, 5 an1ma1s~).
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" 8. " DOSE-RESPONSE RELATIONSHIPS OF COLCHICINE

The act1on of co]ch1c1ne in produc1ng extra3unct1oha1 sens1t1v1ty
of EDL myscle f]bres to ACh agparent]y has a steep dose respOnse re15t1on-
ship, although th1s.was not directly examined in deta11.. The thresho]d
dose of the drugf‘injected'e{fher into thé sciaéic'herve o} systéﬁica11y,
Eo pFoHuce a detectab{e'amount of extrannc@?éna] sgnsitiyity 'to ACh Was
.40-50 Mg / 100 ¢ é.w. In 3 rats recefvingjthi; dose -only 24% ‘out of 46
fibres examined at‘the tendon region 5 days 1atér~exhibited extra-

_jdnctiona]lsen§itiVity to ACh. These fibres had an average sensitivity
of 1.2 £ 0. 3 units (.mea_n'i' S.E:M., 11 fibres, 3 animals ). Foﬂb;ving
the inJect1on of h1gher’ddsé§ of co]chicine ( 80ri00-ug / 100 g b. W. )

system1ca]1y or into the contra]ateral sc1at1c nerve Lvirtualtly a}l\the

..A tested EDL musc1e flbres were found to exhibit extraJunct1ona1 sens1t1v1ty

to ACh Typically, ( as ment1oned in preced1ng Sect1ons ) animals ,
1n3ected w1th this dose exhibited 6 to 10 un1ts of sens1t1v1ty to ACh
at the tendon region, 3 to 5 days after the 1nJect10n of colchicine,

One group of rats ( 155 180 g, 4 an1mals, 19 fibres ) fj} instance

. exhibited a mean sens1t1v1ty of 7.3 ¢ 0 9 units ( mean + S.E.M..) at the
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tendon region 5 days after an ipjection of colchicine into the contra-

lateral sciatic nerve,

A

‘
“

9. .TOXICITK;SYMPfOMS FOLLOWING COLCHICINE INJECTIONS

Qéses in excess of: 105 1g / 100 g b.w. produced abnorma]
clinical signs in the treated rats. As oBserved in earlier studies

( Ferguson, 1952, ), ¢these consisted of diarrhea,'a marked behavioural

" lethargy and an-overall unhealthy appearance indicative of a generalized

intoxication, marked by abnormal posture movement and abnorma]

. appearance of the fur. w1th doses of co1ch1c1ne in the range of 140

t0,150 ng ( 100 g b.w., 72% of-the aﬁ1ma}s died w1th1n 2 to 3 d%ys
(13 out of 18 animals in one experimert ). This is in marked/edntrast
to animalé receiVingAdoées of colchicine in the;range of 90 td 100 ug /‘
100 g b.w. of which'none'exhiﬁited any clinical "signs of tfeatmeny

whatsoaver,

10, . PARESIS ‘FOLLOWING COLCHICINE INJEGTIONS

[

In addition to the general symptoms of colchicine intoxication,
®

an fnferesting featire of the toxic effects of high deses of the drug

( 120-15Q ug / 100 g b.w. ) injected systemically {1.p.) was the

¢

' appearance\of a marked bilateral paresis of.the h1nd]1mbs Severly

affected an1Ma]s were unab]e to use the1r hindlimbs at a]] and dragged

“themselves arodnd with their forelimbs. Following a "toxic" dose, the

\
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¥
paresis was most pronounced dur1ng the second day It then regressed,.

" and-if the particular animals, survived 1t was no longer ‘detectable by

the 4th to 5th day. The h1nd11mb paralysis was thus tran§1ent.

The observation of this phenomenon introduced the concern that
this type of paresis pight be produced in a milder form by the“laper
doses of co]ch1c1ne which were usua11y used in the ptesent experiments. .
If this was the case then the appearance of extra3unct1ona] sens1t1v1ty
to ACh might conce1vab1e be secondary fo "sub-clinical™ levels of
paralysis of‘othenwise norma1 EDL muscles ( cf Lgmo & Rosentha] 1972,

- who demonstrated thdt muscle 1nact1v1t¥ cou]d lead 'to the appearance of
extraguncpronal sensit1v1ty_tp ACh in rat EDL muscles ).

. The mechanism. of thisAparesis‘was'fo;nd to be exp1ainab1e as a
defect in neuromuscular transmission. A ser{eé of rats ( 24 animals,
175-185 g ) were injected systemieaily with goees of colchicine ranging
from 85 to 150 ug / 100 g-p.w. and the tetanic tehs;ons ( seé Methods 3\
developed by the EDL miscles were meaeured 2 days later when the behavioural
paresas described above was known to be at its maximum. “The results of
‘these: experiments are shownvin Fig. 11. With doses in excess of 105 pg /
106 g b.w. the'average tetanic tension was significant1y']ower'than the
_ normal values obtained -in contro} EDL ﬁu§c1es'pf 5 rats of the same size.
With doses belew tHie, no effect could' be observed on the amount of tefanic
tension developed by the EDL musc1e'( 10 aniwa]s ). The doses of qq]éhicine
used in these experiments’ to obtaip extrajunctional aensiiivity to ACh
in EDL'mu%c]é fibres ( 85-95 ug / 100 g b.w:.) was npt observed to prdduce

any measurab]e'impairmenﬁ in_te%aniq tensions. It was concluded that

]
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FIGURE 11. T'etani'c'_tensibﬁ.evoked in the EDL muscle b,y-ﬁer‘ye ‘
. stimulation at 100 Hz , as a function of the dose of colchicine injected
systemically ¢ days earlier.’ Left-hand column shows results of
control experiments, The figures above each column 1nd1cate the number

of rats examined, and: the bars represent the S.E. H
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: the extréjunctiona] sensitivity to ACh of EDL ﬁuscfe fibres examined
en day 4 or 5 coh]d not be attributed to mﬁscle inactivity which might T
have ogcurree grevious1y, e.g. on the second day following cd]chicine |
injection. ‘ |

_Preliminary observations indiceted:that_the severe hindlimb
paresis produced by a high dose of colchic{ne ( 130-150 ug / 100 g b.w. )
injectee systemically could be exp]ained’by a defect in.ﬁhe‘eVORed'
release of'ACh.at-the neuromuscu]ar junction. Two rats (-170-180 g )
were exam1ned on the second day after a-toxic dose of colchicine
" (150 ug / 100 g b.w. ). These an1ma]s exhibited. an almost.complete

| immobilization of the h1nd]1qbs. Of the 38 EDL muscle fibres impaled
at the end- p]ate reg1on 31 ( 81% ) %ai]ed to produce transmitted actioﬁ

'potent1a1s in response to-nerve stimulation. These fibres Qeye not

denervated since they all had m.e.p.p.s.

11. THE EFFECT OF COLCHICINE INJECTIONS ON

AXOPLASMIC TRANSPORT

‘The:upexpected finding shat colchicine was having a systemic
action threw a different f%ghf on the original idea.that the action
';of-the drug'mfght.be explained by a primery effect on axbp]asmic‘
transport, This cquld however still be true. The hypothesis that was
first'tested therefdre was whether colchicine, even though'causing
. b11atera1 extra3unct1ona1 sens1t1v1ty to ACh, cou]d be act1ng pr1mar11y

on the motor nerves to 1mpa1r the axop1asm1c transport of neurotrophic
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 factors. If this were the case, then any changes observed in tno'
musc]e fibres would be secondary to the action of the durg on nerves.
To test th1s possibility, measurements of the neuronal transport of
3H-]abeHed material were made a]ong the motor fibres of sc1atjc nerves
in a series of rats ( see Methods ). |
Fo]]oning the injection of 3H~1euciné into the spinal cord in
the region of the motor neurons giving rise‘to the sciatic nerve, a
characteristic "wave" of nadioactivity (-soe_Fig.S 12 & 14 ).composeo
primarily of labelled proteins ('Ocns & Johnson, 1969 )* can be observed
to travel out from the sp1na1 cord and per1phera11y, dewn the sciatic,
nerve { Fig. 12A ). The-wave of rad10act1v1ty has two readily measur-
able parameters: (1) its proxino—distal rate of movement and ( 2 )
its amp]itnde ( i.e. the peéak aiount of radioactivfty movino nn the )
nervo ). ,This.lattéf.parametér could g%ve some insight into whethen
.or not the amount of materials tronsported in fhe nerve was affected'
it is of course 1nf1uenced’py the relatively i11- contro]1ed amount of
labelled material which is taken up by the nerve cells in the sp1na1

.cord, in th1§-type of-exper1ment.

a) AXOPLASMIC TRANSPORT IN NORWAL RATS A
N . ’ h )
Fig. 12A illustrates two- typical profiles of radiocactivity

measured from the sciatic nerves of two normal rats ( 230-250 g ).
Ore animal ( open circles ) was ki]ied'3.25‘hrsAfol]owing the ‘spinal
cordlinjection of ?H-1eucine and the other ( filled circles )-was'killéd

6.25 prs aftér the 3H—1eucine injections. As“can be seen in the figure
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FIGURE "12, Prof1]es of 3Hi-14belled mater1a1 in the sciatic nerve 3.25 hrs
( open ‘circles ) and 6.25 hrs ( f11]ed c1rc1es ) after sp1na1 cord 1n3ect1on
" of 3H-]eucine A:  two gcontrol rats. B: two rats injected with colchigine
in“the contra]atera1 sE/;t?c nerve about 20‘hrs earlier, with a dose wh1ch
routinely caused supersens1t1v1ty to ACh in muscles of bokh sides ( 100 ug
/ 100 g b.w. ). -Each po1nt on the curve represents the amount of radio-
act1v1ty na3nm segment of nerve.’ The absc1$sa 1nd1cates the d1stance
~in cm a]ong ventral roots and. sc1at1c nerves, the zero point belng the
portion of ventral roots energlng from Ehe sp1na1 cord segments 1n3ected

“

with - Teucine. The lines were drawn by eye ‘to obtain the best fit of

A

points, The arrows indicate the point that was taken as the distance

3 ”‘

that the wave-front had reached ( see_fkthods; Fig.3 ). . - g

*
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X 12A ), the wave-front af radioactivity:was 39 mm further down the sciatic .

'of both s1des ( see previous sectiofts ).

.9 . - . . , 4 . \é
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nerve in the latter rat than in the an1ma1 kiTled at 3.25 hrs. . //’“‘

Twenty nats { 190-250 q) wh1ch were not treated wrth transport

blocking drugs served'as a control group. These animals were killed

5.5-6.25 hrs afté?‘receiving spinal cord injections pf ?H~Leucine, and

their sciatic nerves wer%:gissected out and analyzed for radioactivity,

using scintillatdon counting pnocedures The rate of axoplasmic

o
transport caleulated from the t1me taken for the wave-front of rad\o—{g
”./v_/‘\ 0
activity to Teach a measured d1stance downfthe nerve, as in Tﬁzf\iwaas

. AR

- found to be 399 + 7.6 mm / day | mean + $.E.M. ).  The amplitude of

the nad1oact1ve wave- front observed -in the contro] group 'was -3,582 # 344"- <§

.counts.per minutes ( CPM, mean S.EM. 20 animals ). -

"

4 " o

- b). AXOPLASM&@ TRANSPORT IN SYSTEMICALLY TREATED RATS

»

AZoplasmic transport was neasured at various times between 3 &

* and 51 hrs after'colch1c1ne treatment in a tofal of 45 rats. Twenty~—"

e1ght (28 j an1mals of thls group were 1nJected with the drug directly , .

1nt0 the contra]atera] sciatic nerve and the remainder {( 17 ) received

the drug system1ca11y ( I.P, ). The dose was between 100 and 150 ug‘/

- 100 g B w. which Was equal to or. greater than that pretious]y found

adequate to produce extrajunctional ACh sens1t1v1ty in EDL muscle fibres
\g“

Fig. 12B illustrates two typical proti]es of radioactivity . *
observed 1n’the_contra1atera1 sciatic nerve of rats injected wxfn

colchicine into the ipsilateral sciatic nerve. One animal was killed.

. ) &
)
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at 6.25 hrs effer 3H—]euci~ne injectﬁons into the spinal cqrd { filled
e{rcles ) and the other was killed at 3.25 hrs ( open circles ). " Both
animals had received en 1njéction‘info one nerve, qf eo]chicine .'(,
( 100 11g / 100 g b.w. ) 20 hrs before the experiment. No significant

difference can be seen between this result and the results obtained

from normal, untreated animals ( Fig 12A ). In this entire series of

exper}ments no impaivment of axop]asmlc transport was ever observed in

-

the sciatic nerve contra]atera] to a nerve 1nJect1on of colchicine, or’

in ewther of the sciatic nerves of animals which recewved systemlc

]

1nJect1ons of the drug.: F1g 13 shaws that there was no measqrab]e
effect on either the amplitude of the radioactive wave=front (Fig. 13A )

or on the rate of axoplasmic transport ( Fig. 138 ). These results

’ app]y to-the periods both preceding and during the deve]obment of exfra;

,junc{ion§1 sensitivity to ACh.( 3-51 hrs ) following colchicine treatment.

Even in“3 rats which were severly paralyzed by a sy§peﬁic
injeetion of a high dose of colchjcine ( 150 ug 7 106 g'e.w.') there
was no measurable impairment of rate { 395.1 9 mm / day, mean + S.D. )
or the amp1itede of the radicactive weve—frort ( 3,654 + 452 CPM, ‘mean
+ 5.0, ). -

' It was concluded- from all these observations that the extra- .
Junct1ona1 sen51t1v1ty to ACh observed in EDL muscle fibres contra-
lateral to a sc1at1c nerve injection of co]ch1c1ne was not preceded
by.or associated with a measurable,1mpa1rment of axoplasmic transport

in the sciatic nerves.

,
7
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FIGURE 13.  Peak amplitude (A) and rate of movement ,(B) of the wave-

front of ?H;]abe]led material in a series of rats, as a function of

. time.after colchicine injection either in the contralateral sciatic

nerve or gystemiéa]]y. Values for untreated rats ( céntro] ). are showun
to the left in boqp graphs. Bars represent thé S.E.M.. The number of
ratslexaminéd is shown on top of each bar.” MNote tbét éxtragunctiénq]
senéitivity to.ACh is already. measurable at 48 h(s after such an

injection.,
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I12. : EFFECT OF COLCHICINE ON THE INJECTED

- SCIATIC NERVE

While no detectable change in axoplasmic transport-could be

“discerned in sciatic nerves contralateral to the colchicine injection,

or in sciatic nerves of rats receiving systemic injections of colchicine,

there was an effect on axoplasmic transport at the site of injection-,
in the treated sciatic nerve. In 9 rats ( 140-170 g ), axoplasmic
tranéport was examined in the treated sciatic nerve at times varying

from 54 to 108 hrs following a subepineural injection of 152 ug of

" colchicine. This dose was the usual one used to produce extrajunctional

sensitivity to ACh on both sides of the animal.« In all cases, there -
was an accumulation of radioaétivity central to the site of colchicine

injection. Fig. 14B is a typical result from this group. This animal

was examined 49 hrs after a subepineural injection of 152 ug of colchicine

and was k111eq 5.5 hrs after the 3H-]eucine injections into theﬂspina1

cord. As can be seen, there is an accumulation of radioactivity central

to the injection site ( at the arrow ) of the drug. The wave-front bf

Fadioactivity-can still however be seen 2 cm peripherally in the profile

shown in Fig. 14B. The accumulation of rédioactivity could be inter-

preted as Being due to a partial b]ock'of axoplasmic transport of Tabelled

from the detectable edge of the wave-front ( whose émplitude wés re

was 394 + 8 mm / day ( mean £ S.EM,, 9 animals ).

RS
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FIGURE 14.  Block of axonal transport of 3H-1abelled material in

A4

sciatic nerves injected with colchicine. Flow time was 6.25 hrs in

A, 5.5.hrs in B and 6.25.hrs in C. In A, thefe is a significant

disruption of‘éxoplasmic transport ( distal to the injection site marked

by the arro@ ) produced By a subepineural injection of 400, ug gf

- colchicine, 49 hrs préviously ( filled circ]es.j. In the contralateral®

sciatic nerve of the same animal ( open circles ) no impairment of
axop]asmic transport is apparent.:
» '*
“1n B, the lower dose of colchicine ( 152 ug ) which was found
to produce extrajunctional sensitivity to ACh bilaterally and.wés the

dose routinely used in this size of rat ( 140-170 g ), can be observed

to produce a "partial block” of axoplasmic transport; the viave-front

.can still be rgcognized'dista1 to the site of drug injection ( marked .

» %

by arrow ). . ‘ !

-

~In C, no disruption of axoplasmic transport cap'Be discerned
following the injection ( site marked by the arrov—) of the solvent

alone ( see Methods ).
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\lhen a -arge dosé ( 400 pg ) of colchicine was injected
subepineurally into the sciatic nerves of 2 rats ( 380-390 g ),
there'was, i;_gddition to an accumulation of radioactivity central
io the drug injection site ( at the arrow in Fig. 144 ), a total '
disruption of the wave-front. The results of one of these animals °
is -illustrated in Fig. 14A, 49 hrs after a subepineural injection of
400 ug of colchicine. Iﬁ the {psi1atera] nerve ( filled circles ),
there is no obvious production of the typical wave-front beyond the .
injection site as is obServéd with the lower doses of colchicine 3
(.compare to 14B ) or in the contralateral chatic nerve ( open circ]dl Y,
'whf&h.was normal. This aniﬁa] exhibited a marked cTﬁnic$1 paralysis of
‘ the injected hihd%imb prior to the experiment.

To find out’whether the proqedpre'of injection into-the nerve

. itsé]f'produced'ahy detegtab]e alterations in axoplasmic transport, <
axopfasmic transport was studigd in é dnim§1s which received a subepi-
neural injection pf 5 ul of the solvent alone ( see Methods‘).‘ Fié. 14C
is a typicé} observation of this group. ' No impairment o% tran;port was
observed as-a result of the injection techhique a1ane.nA

It was thu; concludéd that co]chicine did in fact inteneferel
with axopﬁasmic transport in qidgse-dependent fashioh, but .only in the
treated nerve itse]f: ‘The impairment: of gxop]asmic transport'wa§ due
to a specjfictaction of cqlchjcine §ince control 1njec;ions alone had
no effect. The éentra]atéra] nerve was unaffecfed. It.shou1d be B

rééa11ed here that the contralateral muscle however showed extra<

Jjunctional sensitivity‘to_ACh.
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13. : EFFECT OF NERVE INJECTIONS OF CQLCHIC}NE k\~

ON_NEUROMUSCULAR ThANSMISSION

To test whether the ipsilateral interference of axoplasmic
transport described'above was associated with any changes in neuromuscular .'.s .
transmission,‘the amount of tetanic coni?actjon jn'the EDL muscles of
colchicine injected rats Qas measured in viyo ( see Methods ). Tﬁe

results are presented in Fig. 15, Thirty:five (35 ) rats ( 145-180 g J -

“were injected subepineurally with 152 ug of ‘colchicine and the tetfanic

contractions, both §psi- and contralaterally, were examined at times’
from 1 to 6 days following the injection. Nine ( 9 ) rats served as the

;ontro1«group ( 145-180 g ). As can be observed in Fig. 15, the amount

of tetanic tension that can be evoked in thé ipsilateral EDL muscle- .

( whose sciatic nerve was injected ) decreases with respépt to control -

EbL muscles.. 'Musc{es from the control group ( 9 animals )'in this size

of animal prodﬁced a ﬁean tetanic tension of 112 6'g ( mean = S‘E.M: ). -
By day 3, the Fetpnic'tensions produced iﬁ the ipsiiaterg] EDL muscle

had decreased to 65 + 7 g ﬂ mean % S.E.Mj, 7 animals ). 'THé'contra—:

lateral .EDL mqsc]es“of these animals had a mean of 110+ 6 g { mean *

5.E.M., 7 anim§]s i wﬁich was no% significaﬁt]y different from normal.

- From thesg reults, it was concluded that an_impaitment of
neuromuscular trahsmission on.the t}eated siae could be gttributed to

a block of axoplasmic transport in the injected sciatic nerve.
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4. - SILICONE RUBBER NERV&—CUFFS

. M 1Y

An attempt was made to avoid the s&stemic é}féct obtained.
following sciatic nerve_injectioﬁS‘Qf colchicine by placing drué-
impregnated silicone rubber implants afound the sﬁihiic nerve ﬂ see
Methods ). 1t was hoped that this procedure would lead_only to a local
action of co]cﬁicine on the nerve.. However, it was found that although
changes in the EDL muscle were indeed confined to the tréatgd:sidg,
the nerve-cuff prqduceﬁ effects of its own. In these‘egperiments, a ’
silicone cuff was applied as described in the Methods to_éne sciatic
nerve in a total of 156 rats (.270“350 g‘). The cuffs had én internal
diameter ( I.D. ) of 1.6 mm to prdduce a snug but not overly tight fit
around thé sci%tic nerve, which had a diameter of around 1.6 mm in |
these animals. Cuffs 6fﬂ1.25 mm [.D. were also tr{ed, but as can be
seen in Table ‘1 ( control cuffs ), these proved to be too small and
* produced paresis in the ﬁajority of‘an%mals ( {3‘out of 15,;87% ).

Thé s%1icpne cuffs used in these experiments contained ( 13) 0.10%
colchicine by weight ( w/w ), ( 2) 6.15% colchicine ((w/w ), (3)

0.10% vinblastine { w/w ) or ( 4 )no drug at all (.control ).

“a) CONTROL NERVE-CUFFS

As can be seén in Table 1 ( control cuffs ), most ( 23 out of
30 ) ofethe rats which had control $ilicone nerve-cuffs (1.6 mm I.D. )

applied to their sciatic nerves did not éxhibit any clinically observable
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signs of paresis at any time following this treatment (lAnimals were
carefully examined twice a day as described in the Metho%s.')f’ HoweVer,
microelectrode investigation revealed that inlthe EDL mﬁscles supplied
by the cuffed nerves, some muscié fibres exhibited extrajuhctionél
sensitivity po Aqﬁ. In 3 of these EDL hgsc]es, 3 out 40 tgs€23~?ibres
wére found to be 'sensitive to ACh at the tendon'region_( 3.5 1.2 units,
mean £ S.D., 3 muscles ) 5 to 8 days after the control nerve-cuff had
been applied. These mﬁscle fibres displayed m.e.p.bps, {ndicéting that
they were not denervated. Of the 31 tested cdntra]atera} EDL'muscle: °
. Fibres examingd'in theseié'animais, not one of them was found to be ',
sensitive to ACh at the tendon regioh;

It was concluded from these observatioﬁs that a sma11‘num5er

( perhap§ around 7-8% ) .of £DL muscle fibres-could be affected by -the

mechanical prasence of the control cuff alone-on: the sciatic nerve,

\

b) COLCHICINE-IMPREGNATED NERVE-CURFS

AN

« g

"Even though a féw ipsilateral EDL ﬁuscle fi?re§ exhibited an
ektrajunctiona] sen#itivify to ACh that could be.attributed to the
hechanicé] effects of the control nerve-cuffs, if was still poséfb]e
| that drug-impregnated cuffs would prod@ce a'siépificant ipsilateral
effecf_by pharmacological block of axop]asmic‘transport. éi1icone
. nerve-cuffs cdntaining either.O.IO% or 0.15% colchicine ( w/w ) ‘were
* placed on one ;Eiatic nerve of 47 rats ( 270-350 g. }. Seventy per‘ceﬁt

( 70% ) of these animals ( see Table 1 ) developed clinically observable

signs of paresis ( the rats were pbserVed.for up to 8 days ). The
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TABLE 1 - INCIDENCE OF LEG PARESIS WITH NERVE-CUFFS

. r~
1 1.6 mm 1.D. - 1.25 mm 1.D.
Type of "I Total No. No..and % ‘| Total No. No. and %
cuff -~ of rats  with ' " of rats with
paresis _paresis
Control 30 7(23%) 15 13(87%)
Colch. 0.10% |23 13(57%) | | 9 9(100%)
“|Colch. 0.15% |24 - 20(83%) 9 9(100%)
- Vinbl. 0.10% | 24" - 16(67%) ; .

\ .o . \\‘ | )

‘ TABLE 1. Incidence of paresis of the rat hindlimb fé]]owing thé
application of Ei]icone—rubpeg nerve-cuffs to the sciatic nerve. Cuffs -
of .two different diameters ( ].6.and 1.25 nm I.D. ) wére tried in order
to providé the best fit around the nerVe while ‘producing the least
amount of trauma. Un&éﬁ tﬁe co]umn'ﬂparesié“ are included all the rats
which were affected, irrespective of the degree of piresis which ranged
from mild to complete. The weight range of the animals used }n‘thisn
series of‘expériments‘was 270-350 g. The dbservatiéns from these

experiments are discussed in the text.
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ipsilateral EDL muscle fibres of 11 of the apparently non-paretic 30%
of the animals were examined with microelectrodes, 5 to 8 days after
the abpl{cation éfva drug-imﬁregnated nerve-cuff. In these musc]gs,
'65 out of 191 ( 34% ) ipsilateral fibres exhibited sensitivity to
ACh at the tendon region ( 13.8 + 1.8 units; mean + S.E.M. }. Most
of these fiﬁres_( 88% of 65 fibres ) displayed m.e.p.p.s, indicating
that they were not denervated. However, only. a few of these fibres
( 8 out of-57, 14% ) héd transmitted action potentials following
stimulation of the sciatic ne;ve, The rest responded only with end-plate
potentials ( e.p.p.s ). -This'may have been due in part to the fact that
these fibres had a low RMP { -58.6 + 1.8 mV, mean + S.E.M., 49 fibres ).
One feature of the ipsilateral EDL muscle fibres-that exhibited
extrajunctional sensitivity to ACh following the application of a
cq]éhjcine—iﬁpregnatéd herveé&uff was that re]ative1y few ( only about -
34% ) were found compared to the humber observed after systemic
qo]chiéjné'injections ( 511 ) % furthermore:'these affected fibres
Qere found to be scattered aﬁong the rest of the husc]e fibre population,
which were normal. Of the EDL musc]e-fibres.examined contralateral to
nerve-cuffs coﬁtaining co1ch1c%ne { 0:10% and 0:15%, w/w.} none could
be'found to exhibit extrajunctioﬁa]_sensitivity to ACh ( 71 fibres, 8
an&ma1s ). It was thus cqnc]udéd that changes in the mﬁscle‘fibres were
canfined to the t%eated side with th{s procedure; however, they could
nép be unequivocahly attributed to the b]ockjng of troghic factors in

the nerve.
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c) VINBLASTINE-IMPREGNATED NERVE-CUFFS

’

Vinblastine f‘O.lO% w/w ), another potent anti-mitotic drug,

was also mixed into a few cuffs (1.6 mm 1,0., see Methods ) and
applied in 24 animals (‘sée.Table 1). Of these gnimals, 67% ( 16 out
of 24 ) developed a paresis of the treated hindlimb by the second da} .
following the appl{zation of the ne%ve—cuff.._Since a greater numbér
of animals appeareq.to develop an ipsj]atera1 hindlimb paresis with -
vinblastine impregnated nerve-cuffs than wjth cofchigine ( 67% vs 57%
for. equivalent concentrations, see Table 1 ) the use'pf vinblastine was *

discontinued.

15, " DEVELOPMENT OF IPSILATERAL HINDLIMB PARESISw
‘ FOLLOWING NERVE-CUFF APPLICATION

~One point of ‘concern throughout this investigation, as mentioned,
-earlier, was the possibility tﬁat iﬁe cuff itself co@1d produce a
mechanical dis?urbanée of the nerve. As éan be seeﬁ in Table 1, a
large: number of anima]g treated with drug-impregnated nerve;cuffs
developed a clinically detéctable paresis (- 56 out of 1011 55% of all-
treated animals )l The paresis was of vdriable severity and startéd‘
atout one da& aftér the app]fcation of a d;ug-impregnafed ne‘rve-cuff.j
Interestingly; the paresis wa§‘frequehtTy-transient. A rat which may
havé exhibited‘a]most‘compiete baralysis of the treated leg one day .

. after éurgery, might be judged clinically normal by the 5th to 8th day.
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Begagse of this feature of the paresis, énima1s were -examined twice a
day ( ;ee Methods } for any clinical signs of %ﬁpairment. In one group
of 8 rats that developed a moderate to severe'pargsis of the treated leg
on tﬁe second day fojlowing.ihe é§p1ication of co]chicine-impregﬁated .
( 0.15% w/w ) nerve-guffs, iny 1 had any sign of muscle weakness by
the 7th day. It‘was also interesting to note that there was a higher h
frequency of occurrence of paresis ( *see Table 1 ) with higher levels,
“of colchicine ( i.e.'0.15% w/w ) in the cuffs than with 0.10% colchicine
in the cuffs ( 57% vs 83% ). -

The nature of the ipsilateral paresis of the hindlimb following
the app]{cation of a drug-imprggnated cuff was investigated in 6 rats
exhibiting moderate to severe paresis on day 2 following surgery. In
~ these animals, the sciatic nerve was.stimulated in vive, both above and
below the level of the cuff, and the isometric -tetahic contractions of
the EDL muscles were récorded. Fig. 16 i11u;trates the' results from
one abiﬁa1 of ﬁhis greup. ‘As can be observed, stimulation distal to
the cuff evoke& much greater responses than'stimuiation proximg]]y.

This was %nterpreted as being due to a conduction block produced.by -
~ the drug-iﬁpregnated cuff at the region aof theﬁggff it;eif. brﬁg—
impregnqted cuffs however- produced a greater occurrence of paresis'than
controi cuffs of the éame’diameter ( see Table 1‘). 1t tﬁug appeared
that there was a synergisgic effect bétween the drug and tﬁe cuff in
producing conduction h]oék.: . |

| From these eXp?riments it was concluded that the observations

obtained with colchicine-impregnated cuffs could not be used to support

i3
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FIGURE 1?; Qondugtion block in;the sciatic nerve at the site of
‘application éf a cqlchicine impﬁegnated'cuff ( 1.6 mm I.D., 0.15%
colchicine w/w ), implanted 4 days eaf]ier."A sub-tégil'paresjs'of
fhe cuffed leg had apbeared aSout 26 hrs after cuff application.
Isometric contractions of EDL muscles are shoun; causedlby'supramaxima1
stimulation proximal ( Proximal Stimul, )'ahd~dista1 ( Distal Stimul. )

to the cuff in.vivo, Tetanic tension of thé‘cohtralqteral normal EDL

-muscle was 192 g. -

(5]

rl
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. unequivocably the hypothesis that trophic factors were being blocked

in the nerve, These considerations are discussed later.

16. A POSSIBLE DIRECT ACTION OF COLCHICINE ON EDL

MUSCLE FIBRES

Since colchicine, injected either systemically or subepineurally,

did not appear to produce denervation-like changes in the EDL muscle

. by .an aé%ion on the sciatic nerve, the possibility was considered that

the drug was acting directly on the muscle fibre itself. In a few

’ }
preliminary experiments the action of the drug on the denervated EDL -
muscle was investigated. If the effect of colchicine on the EDL muscle

weré\nerve-mediated, then no action of the drug on denervated muscle

.could be expected. However, it was hoped that, if the effects of

'co]chiciné were exertéd directly on the muscle fibres, they might sum_ '

in some way with qpe effects of denervation, rather than be masked by
them. In ;he preliminary experimeﬁts reported here however, a direct
action-of colchicine on the EDL muscle. could be observed.

Rats were deqervated and sﬁmu]taneoﬁs]y injected with a systemic
dose of colchicine ( 90-100 pg / 100 ¢ b.w., I.M. ). The sensitivit&
of EDL muscle fibres to ACh was studied by meaéuring the- tensions
produced by EDL muscles in vitro following equsuré to various concentra-

-7 3

tions of ACh ( 10 M, see Methods ). Fig. 17 illustrates the

change in response to bath-applied ACh undergone by EDL muscles following
4

to 10~

denervation. A concentration of ACh ( 5 x 107 'M ) that barely evoked a

-
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FIGURE 17: 'Gomparison of the response of normally innervated ( OR )
and a 54 hour dénefvated ( DEN ) EDL muscle to the. bath appliéation of

5 x 10"% 1 ACh. Both muscles were taken fronw%he'séme animal. The time
of introduction of the ACh is marked by the arrows. The curves are
direct tracings-from the original record. As can be seen, the denervated

muscle produces a large contraction in response to this concentration

of ACh, which for the normal muscle is just above threshq]d.

(
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response in the normal muscle stimulated the denervated cne to produce

‘a significant amount of tension. The principle objective was to compare

the dese-response characteristics of normal, dene}vated and denervated
plus colchicine treated EDL muscles.

Fig. 18 illustrates the markedly altered dose-response_chagécter-
istics of denervated EDL muscles ( DEN, 100 hrs fo]]owing.deﬁervation )
and of EDL muscles from colchicine treated animals ( COLCH, 90-100 g /
100 ¢ b.w.,VI.M.; injected 100 hrs previously ). Not only are the
thresho]ds‘1owered but ats6 the aﬁount of tension produced with respect
to normal muscled ( NOR ) is significantly increased. The denervated
EDL muscles { DEN ) were 100 times more sensitive to ACh than normal

muscles, exhibiting a threshold at around 1 x 107

M ACh whereas the
normal muscles ( NOR ) responded only at 1 x 10'4M ACh. The EDL musgjes -
from colchicine treated rats ( COLCH ) also exhibited a lowered threshold

5

( about 1 % 10 °M ACh ), although not as great as for denervated muscles.

At a concentration of 5 X 107

M ACh, which was one-half of the threshold
dose of normal muscles ( 1 x 10'4M ), the denervated muscles ( DEN )
produced 3.7 + 0.4 g ( mean + S.E.M., 6 muscles ) of tension while the
muscles from colchicine treated animals ( COLCH ) prbduced 0.30 % 0.08‘9 .
( %:;;iiS.E.M., 5 muSc]és ). As can be seen in the figure ( 18 ), the
normal muscles did not respond at all at this concentration.

- To investigate whether or not some interaction may have’occurred,
the EDL muscles from a sériés of rats ( & aniq?]s,.175—190 2 ) were |

examined 30-44 hrs following a colchicine injectidn-( systemiEally, .M.,

100 ug / 100 g b.w. ) and simultaneous denervation. A dose-response -
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FIGURE 18.  Dose-response curves of EDL muscles to'bath—anp]ied ACh
following various treatments. Normally innervaren’( NOR ) EOL muscles . .
exhibited”a threshold response at about 1 x 10‘4 M.ACh, Norma]]y
-1nnervated EDL muscles from-animals which had rece1ved a systemic 1n3ect1on
of co]ch1g1ne ( COLCH ) 100 hrs previously, exhibited a thresho]d vhich

was one—tenlh that nf untreated animals ( MOR ).and in add1t1on produced
much greater tens1ons in reSpqnse to var1ous concentrat1ons of ACh. EDL .
muscles which had been denervated ( DEN ) 100 hrs previously d1sp1ayed
the”greatest amount of sensitivity to ACh both in terms of a greater
‘production of tenéfon and 1n'terms of a IOWere& threshold ( 100 times

lower than normally 1nnervated musc1es ). fne numbers in brackets
a520c1ated w1th each curve represent the number of muscles - tested.

Each point represents,the mean value of tension obtalned in response

to the correspondin§ concentration of ACh and the errér‘bars represent

“the S.E.M.. - The curves‘were drawn by eye to ontain the best fit of

the points.

—nNl
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re]ationsﬁip was obtained and compared to the dose-response character-
istics of EQL musc]gs which had been denerQated.alone for 30-45 hrs.
The results are illustrated in Fig. 19. The denervafed EDL muscles
from colchicine iﬁjected animals responded to significantly lower
qoncentrat%ons of ACh than did denervated EDL muscles alone. At an
ACh.concentration of 5 x 10-4M the Eo}chicine plus aenerVated muscles
producéﬁ-0l65'r 0.08 g of tension mean.i S.E.M., 5 muscles ) compared
to 0.20 £ 0.08 g‘o? tension ( mean t S.E.M., 6 muscles ) for denervated

muscles alone,

It was concluded from these preliminary results that colchicine

.

has some direct effect on EDL muscle fibres.

a) v’MICROELECTRODE INVESTIGATION

A few preliminary experiments were also carried out with micro--
electrodes to examine whether a direct effect of colchicine could

similarly be detected at 'the single fibre Tevel. Four ( 4 ) rats

(+180-195 ¢ ) were syétemica1]y fnjected with colchicine ( 100 ug / -

"100 g b.un“ﬁ and simul%aneoué1y denervated. The EDL muscles were then

removed 40-46 hrs later and the muscle fibres were tested for'gxtra-
junctibnél'sensitivity to iontophoretically applied ACH at the tendon

region. Of the 49 tested f%bres, all exhibited extrajuntional sensitivity

" to ACh with a mean value of 23.8 + 1.7 units ( mean t S.E.M., 49 fibres,

)
4 animals ). These values were compared to the values measured in EDL

. - muscle fibres from 3 rats ( 175-190 g ) which had been denervated_41-4é

hrs earlier. The extrajunctional sensiﬁivity observed in 37 fibres from
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FIGURE 19. Cémparison of dos?—response curves of denervated EDL muscles
(‘DEN ) to EDL muscles from-animals which in addition to denervation,

© simultaneously recgiyed a systemic injection of cé]chicihe (.DEN & COLCH ).
A1l muscles wére tested 30-44 hrs following treétment. The number ~ '
~associated with each curve represeéts the nuhber-of nuscles tested. Each
point représent; the mean value of tens{on obtained in response to the-
corresponding concentrat{on of Aéﬁ. The error bars represent the S.E.M..

The curves were drawn by eye to obtain the best fit of the points.
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o thesevanimals at the tendon region was 13.8 + 2.0 units ( mean + S.E.M.,
37 fibres, 3 animals ). These results, which show a significant |
(P <0.001) differencebbetween thé ACh-sensitivity of muscle fibres
from thé two groups of animals also suggest that colchicine has a
direct effegt on the EDL muscle fibres.

3

17. RESTING MEMBRANE POTENTIAL (RMP) OF EDL
. S

MUSCLE FIBRES FOLLOWING DENERVATION -

@

Following denervétioni the RMP ofvskeletai muscle fibres
decreases- ( see Introduction ). This is also the cage following
' systemic” injections of colchicine ( see previous sections ) although
the decrease in RMP is not asqgreath) It was héped that some preliminary
experiments could be carried out‘to_obServe whether there might also
be soﬁe interaction.bétween the effects of colchicine and denervation
in regard to this phenomenon. (A]théugh time did not allew this éerie;
of experiments to be completed, some,interesting Eoﬁnts emerged from
}this study. ' . - T
Following a few hours of-denervation, thé end-plate region of’
EDL muscle fibrées was observed to depplarize significqnt]y (‘P < 0.01 )
'by 6 to 8 mV. At this timé,.no alteration was yet evident‘in the RMP
me&sured at the tendon regién: In the two muscles thgt were examined,‘
the mean RMP was ~71.1 £ 1.1 mv ( mean + S.E.M., 65 fibres ) at ‘the
end-plate région, 10-12 hrs fb11owing.surgeryi At thg‘tendon region,
- these fibres disp]ayed(a mean.RMP,of ~77.4 + 1.2 mV ( mean % S.E.M.,'

58 fibres ). The motor merve terminals at this time still appeared to
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. 4 ’
FIGURE 20, Comparison'of the time-course of the fall in the RMP of

denervated EDL mdscle fibres measuyed a£ the end-plate region to the

RMP measured at the tendon region. Each point represents the mean value
of -at 1ea§t 30 muscle fibres and the error bars represent the S.E.M..
The triangles and circles represenf observations at the tendon region

“and at the end-plate region, qéspectimely.

°
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FIGURE 21.  The time-course of drop in the resting membrane potential
( RMP ) of EDL muscle fibres following denervation. Muscle fibres
were,impaied vwith KC1 microelectrodes at'tﬁe end-plate region and the
RMP noted. Eéch point reprééentsythe mean value of'RMP and the error
~ bars associated with eadh point, the S.E.M.. The numbers associated
Qith each data point reﬁresents the number of muscle fibres impa]ed‘
and the number oﬁ.muscles‘examinéd, respectively, The dotted line

represents the RMP of normally innervated fibres.
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be physiologically normal since m.e.p.p.s could be recorded at virtually
every end-plate ( 62 out of the 65 fibres examined ) and virtually every
fibre tested exhibited transmitted action pptentia1§ ( 14 out of 15

tested fibres ). Only after 36 hrs of denervation, as illustrated in

Fig. 20, was a drop in RMP observed at the tendon region. These results

gepera]]y confirm the observations of Albuquerque, Schuh & Kauffman,
( 1971 ) who reported similar find{ngs.

Fig. 21 illustrates the general time-course of the drop in- RMP
of denervated EDL muscle fibres as measured at the end-plate region.
After 5 days of progressivevdggline, the RMP in dénervated EDL muscle
fibres }eacﬁedja minimum value around -60 mV. No difference could be’.
observed in the RMP measqred at the enhd-plate or tendon regions.

7Therobservati0n of an “early" membrane depolarization ( i.e. a
membrane deﬁo]arization at a time when_the motor nerve still appears,
at least functionally, to be physiologically normal ) raises some
interesting ideas which are discussed 1ater..°These results will be

followed up in subsequent studies to see whether or not colchicine

influences them, as it does the increased ACh-sensitivity which follows .

denervation.
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- DISCUSSION OF THE RESULTS
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1. N A SYSTEMIC ACTION OF COLEHICINE

Following a single subepineural injéction of colchicine ( dose
range 90-100 ug / 100 g b.w. ) into opej?giatic nerve of rats, extra-
junctional sensitivity to inotophoret%ca]]y applied ACh could.be
detected in the majority of ipsilateral EDL muscle fibres, when exaTined
4 to 5 days later with microelectrodes. This was not due to denervation
of these fibreg by the experimental procedure, for the méjority ( 94% )
of the ipsilateral EDL fibres displaying extrajunctional sensitivity
to ACh also had m.e.p.p.s aﬁd“transmittea action pbtent1a1s. ( Those
ipsilateral fibre; ( about 6% ) that did not have m.e.p.p.s.and'
transmitted action potentials but dispiayed extrajunctional sensi?ivity .

to ACh were‘éonsidered to have been denervated ). Unexpectediy, contra-

lateral EDL mucle fibres also exhibited extrajunctional sensitivity.to

ACh.. These fibres were all apparently normally iﬁnerQatéd,'since they
had m.e.p.p.s and transmjtted action potentials.

The bilateral effect of colchicine following a sciatic nerve

.1njection is interpﬁeted as being due to an effect of the drug diffusing -

frem the injection site and acting systemica]]y. When a Jow dose of

colchicine was injected into the sciatic nerve, only a few EDL muscie

hd
3}

fibres ‘on ‘either side could be found to exhibit extrajunctional sensitivity

“to ACh. With a higher dose, the majority of tested EDL muscle fibres

on both sides of tha animal were found to exhibit extrajunctional sensitivityh

.
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to ACh. Thus the factor that was important in the appearance of
bilateral extrajunctional sensitivity to ACh appeared to be simply

the amount of colchicine injected\ber body weight of animal. Vhen
deliberate systemic injections were made ( 1.P. or 1.M. ) of the same
doses of colchicine used 'for the nerve injections ( i.e. 90-100 ug /

100 g b.w. }, a similar bi]ate9a11y~expressed extrajunctional sensitivity
to ACh occurred. 1t thus Seems c]e;r that even though colchicine is
injected directly ihto one sciatic nerve, it {s essentially acting

systemically.

2. A LOCAL ACTION OF COLCHICINE . .

"

In the initial experiments, the only effect that could be
ascribed ﬁoua local action of colchicine on the treated side was"the
appearance of a few muscle fibres of the ipsilateral EDL, referred to
above, which displayed neither m:e.p.p.s nor transmitted action potentials,
and were considered to have been déﬁervqﬁgd. This was'not the result of |

the procedure alone, put‘was due to -the actibn of the drug, since animals

_injected only with the solvent did not give such results.

The "local” versus the :systemic” effect of the drug could be '
clearly identified when the size of the rats receiﬁjng nerve injections

of colchicine was. altered, while maintaining a constant whole-animal

dose of the drug ( i.e. 90-100 ug / 100 g b.w. ). 1In very large rats,

the nerve injection of colchicine produced a greater number of ipsi-
{ . .

lateral non-responding ( i.e. denervated ) fibres than that observed in



- 119

the smaller animals. In contrast, contra1atera1 EDL muscle fibres

displaying extrajunctional sensitivity to ACh all exhibited transmitted
action potentials, regardiess of animal size. It can be concluded
therefore that colchicine, injected locally into the sciatic nerve,
caused a loss of function in the endings of a small percentage of nerve
fib;es, depending on the dose used. In rats of larger size, a greater
amount of the drug was injected into the sciatic nerve to maintain a
whole-animal- dose of 90-100 ug / iOO g b.w. and thus a greater amount
of the drug was aVa11ab1e to act locally, Tee systemic action of the

L]

(drug was unaffected since the whole-animal dose remained the same.

3. THE NATURE OF THE EXTRAJUNCTIONAL SENSITIVITY

- TO ACh FOLLOWING COLCHICINE INJECTIdNS h ‘

The extrajunctiona] sensitivity ot ACh of EDL muscle fibres ( at
the tendon region ) was found to be relatively low ( about 0.7 units )
when examined with micraelectrodes two days after a sx;temic ( 1.P.)
injection of co]chicine.*nﬂt later timeékafter the injection, the.
sensitivity increaseg; and reached maximal levels ( around 8 uﬁits )
at Ebout day 5. Aftétekh1s t1me however the sens1t1v1ty d1m1n1shed

-

unt11 it was no 1onger detectable
The prof11e of extra3unct1ona1 sensitivity to ACh a]ong*EDL

il
‘muscle f1bres in co]ch1cvne treated rats was s1m11ar to- that in denervated

-

muscle f1bres, in that the h1ghest 1eve1s were recorded at the tendon
region ( about 6 un1ts ). The intermediate region ( between the end-

plate and tendon.regioh ) exhibited lower levels ( 1:8 - 3.1 units ).
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The end-plate region had the highégt sensit{vity ( about {2 Qnits ).,
) In all aspects thergfpre except magnitude, it appeared tﬁat //
the extrajunctional sensitivity of EDL fibres to ACh followirg a
colchicine injection was similar to that reported for denervated
muscles ( Redfqrn & Thesleff, 1971 ). Typically, denervated EDL muscle
fibres exhibit 50 - éO units ofzsensitivity to jontophoretically app}%ed
ACh, while the maximal va]des obtained after colchicine were in the

range of 6 - 10 units.

4. OTHER DENERVATION-LIKE CHANGES FOLLOWING COLCHICINE

In adaition to the extrajunctional” sensitivity to ACh developéd
by EDL muscle fibres contralateral to a sciatic nerve injected with
colchicine, or following a systemic injection of the drug, other’
charactefistiqs of denervated muscle fibres appeared, namely action
potentials which were resistant to the effects of the neurotoxin.TTX,
and a 1ower{ng of the éesting membrane potential ( RMP ). This drop.
in RMP, -67.5 * 0.9 mV, as compared with the normal value df -74.7 *

0.7 mV, was- not however-as great-as that observed for denervated EDL

fibres ( -54.6 + 0.9, mean * S.E.M. ).

5. ‘ “TOXIC" EFFECTS OF COLCHICINE

Colchicine injections in higher doses ( greater than 105 ug /
100 g b.w., injected eithér systemically or into one sciatic nervé,)

produced generalized symptoms of drug 1ntox5cation, a striking feature

/
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of which was a marked bilateral’ pgre§ls of the hind1imbs, wh1ch was
-~/;cons1stent with an 1mpa1rment of neuromustu]ar transm1ss1on, qnterest-

ingly, this pares1s was trans1ent. .Following a toxic dose of 120-159 ug /

100 9 b.w., the pargsis.was most pronounced duéing'the second day and

then regressedlbver the next few days unti]~jt completely disappeared

in suryiving énima]s. Because of thig observatign, the possibi]?ty

that colchicine treatment could cause a transient mhsc]e inactivity

had to be ;aken'into consideration as a factor which. could cause

denervation-Tike changes/in the EDL muscle fibres.

L4 -
o

6, MHAT IS THE MECHANISM OF ACTION OF COLCHICINE? .

-

It seemed paradoxical that'dpparently normally innervated

Ut skeletﬁl;nusc]e_fibres should display characteristics offﬁenervated ‘

.

mu§c1e'fibfes,-pérticu1ar1y since none of the treated animals cdq]d be
cﬁinich]y distinguished in any. way from their-untreated litter mates.

Three main, arguménts could bé‘put forward to exXplain these findings:

¥

(1 ) Co]chicine was impairing neuromuscu]ar trénsmission and thus
reducing the level of musc]e act1v1ty, wh1ch causes "denervathﬁ}11ke"
changes Qg£_§g_( Lmo & Rosenthal, 1972 L gmio & westgaard 1975 )3
(2) Co]ch1c1ne even though act1ng system1ca11y, wagipr1mar1ly
'. affgctqng thelnerve;and_was blocking a neurottoph1c factor from

reachinﬁ'thé’EDL'mu3c1e§; or (:3 ) -1t was possible that the drug was .’

‘

‘acfing directly on ¢he EDL muSt]g fibres themse]vgs to bring about the

*

_expression.of denervatidn—]ike changes in them, without affecting their
responses to the normal motar nerve drivef , L

»
-

. " .
) ™
* LY
. <
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a) IMPAIRMENT OF NEUROMUSCULAR TRANSMISSION?

‘

A systemic € F.M. or I.P. ) injection of colchicine in doses
greater than that required to produce'the bilateral appearance of extra-
junctional sensitivity to ACh, i.e. greater than 105 ug / 100 g b.w:,
produced a measurable impairment of neuromuscular transmission ( see
Fig..ll ). The possibility was therefore considered‘that the denerva-
tion-1ike changes occu}ring following administration of even small ( but
effective ) doses of.coichjcine'might be attributable to a barel& detect-
able but nevertheless sighificant]y'decreased level of activity of EDL .
muscles. yThfs-however, appearéd unlikely for several reasons. Tetanic

_tension measurements ( Fig.'11 and contralateral EDL muscles ( closed
columns ).in Fig. 15 ) failed.to reveal any degree of neuromuscular
transmission jmpairment at any time, with the usual dosgs o% cSlchjcine
used ( i.;. 80-160 ug / 100 g b.w." ); moreover, the treated animals:
were c1inica1]& indistinguishable from théir control 1i£ter mates. It
may be possible that the amount of ACh released from the motor ne%ves
is somewhat décpeasgd tn the treated rats (-ef~Katz,'1§72 ). lHowever,
‘because of the large ;a?ety factor as;qciated with neuromuscutar trans-
mission, a major impa{}ment.wou]d Be'féquired before’ neuromuscular
trénsmission was affectéd to the ex£ent that consequentAchanges %n the -~
acﬁivity‘éf the myste would occur. Certainly, such:an jmpaifﬁgnti ‘
would have been clinically gpparent and would have beep'détected with

‘the tetanic tension measurements.

Y
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‘

Finally, one must consider the posgib11ity that the firing
frequency of the motdr neurons may havg been somewhat decreased, perhaps
by some direct action of colchicine on the cell bodies themsélves.
However, such a. condition need not nécessari]y lead to any denervation=
Tike changes in skeletal muscle, since efen low levels of neuromuscular
activity may apprently be adequate to maintain nprma] skeletal muscle
fibre characteristiés (_Lﬁmo & ‘Westgaard, Q975 ). In fact, a large
decreése ( 85-90% ) of the normal level of activity of motor neurons
is required'before a minor.increase 1n'éxtrajunctiona1 sensitivity to
ACh in rqt soleus muscles can be obsefved & Fischbach & Robbins, 19?1 ).
From such con;iderations, it appeared unlikely that the denervation-like
changes observed in the EDL muscle fibre§ following colchicine treatment
( systemic injection or injection into the contralateral sciatic nerve 5

are due to a decrease in the normal activity of these museles,

§ - ) ) .

b) BLOCK OF .NEUROTROPHIC FACTORS?

Eyen though acting systemically, it was quite possible that
colchicine was primarily affecting nerves and blocking trophic factors
from reaching the EDL mu§c1éé on both sides of the animal. MNerves
‘contain fhe most abundant source.of'microtubules. Colchicine has been
demonstrated to block axoplasmic transport when app]ied to nerves
( Dahlstrom, 1569; Kreutzberg, 1969 ).abparenély By its ability to
bind to microtubules - ( Taylor, 1965 ). Indeéd, it is this blocking
-actioﬁ, éaken together with-affinity of colchicine for micrqtub&]ﬁn,

which has.led to the belief that microtubu]és are c&usa]ly associated
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with axopiasmic trangport ( for reviews sée Jeffry & Aﬁstih, 1974,
McClure, 1972 ). It was conceivable therefore .that axoplasmic transport
was.being impaired, even wheq the drug was used systemically. Perhaps
the drug could be acting §ystem1ca11y along the entire length of the
scigtic nerve ( which, 1ncfud1ng the ventral roots, can be as 16ng as

11 cm in 300-400 g rats ) producing small local impairments of axoplasmic
transport which in summation, coq]d resu1tiin a major reduction of
trophic factors arriving at the muscle. ’,\\\\\\

TQ check this possibility, the transport of 3H-1abe1]ed material
was studied in treated anduntreated rats. With this technique, no
impairment whatsoever could be détected in dither the rate of axoplasmic
transport or the amount of materials tra;sportéd at any time, either
in the céntra]atéra] sciatic nerve aftér an impsilateral sciatic.nervé
injection, or in either sc1at1c nerve after systemic”injections of
fco]ch1c1ne: Th1s app11ed even in rats wh1ch were sever]y paralyzed by
toxic doses of-the drug. It_can be concluded from these rgsu]ts that
the deqervation—]ige changes observed in the:EDL muscles following '
co]chicine'treaiment by systemic 1njectipn, or 1njectiéq into the ‘contra-
1a£eka1 sciatic nerve, was.notwpreceded by or associated with any
’ measurable'impairment of axop]asmic transport. ( The s1tuat1on in the -

gs11atera sciatic nerve after Jt was 1nJected is dealt with 1ater

The resu]ts from those exper1ments in no way affect the conclusion

be1ng drawn_from the experiments being c0n51der§d at th1s point. )

.
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Voo
cs A_POSSIBLE DIRECT ACTION OF COLCHICINE ON EDL MUSCLE FIBRES .

The simplest interpretation for the appearance'dﬁ denervation-
Tike changes in the EDL muscle fibres following the.co1chicine injections
in these experiments is that the drug is acting directly on tne muscle
fibres themselves. Direct evidence for this was obtained from the
preliminary experiments in wh{ch an interaction of the effects of

-cb]cnicine with the effects of nenervation was studied.

If the action of the drun were nerve-mediated, it was reasoned,
no effect should be observed on denervated muscle. On the other hand,
if the drug was acting directly on the muéc]e fibres then an effect
migntlbe detected if it interacted in sone way with the reaction of the
muscle fibres to denervat1on In the preliminary exper1ments reported
here, there was a s1gn1f1cant effect on the' ACh dose- response curve
( see F1g. 19 ) of EDL muscles from animals that were denervated and
‘'simultaneousTly 1n5ected with colchicine, cbmpareq’nith-the burne'for

. the denervation-only experiments. This was interpreted'as evidence of
.a direct action of cq]chicine_on the'EDL-mgsc1e.' It-appeaned that
there m}ght in fact be a summation of the effects of colchicine with

those of denervation.

Preliminary observations with micnoelectrodés also disclosed
that EOL muscleNfibres from animals which,nad been denervated and
_ sihultaneohs]y neated with a systemic injection of cofchfeine exhibited
greater s of sen51t1v1ty to 1ontophoret1ca11y app11ed ACh at the
region then muscle fibres which had been denervated alone ( 23.8

unifls versus 13.8 units respective]y )
'.' »
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A

These results are supported by the recent findings of Lgmo (1975 )
who also obtained results indicating a direct actjon of colchicine on
‘denervated rat soleus muscles. Diréct electrical stimulation in vivo
of aenervated rat soleus muscles can markedly reduce their extra-
junctional sensitivity to ACh, usually c]dse to the normal value. -
FolJowing an injection of colchicine however, Lgmo ( 1975 ) observed
that stimulation® of denervated muscles could not reduce their extra-
juncti&na] sensitivity to ACh back to normal. "This was interpreted'as

being due to a direct action of the drug on the.muscle fibres.'

d) CONCLUSION

The évidénce from the ex;;eriménts described in this thesis
suggests that.cd1chicjne acts in some 'way directly on the‘EDL muscle
.. fibres, cgusing them to exhibit denervation-tike changes. . From the
results it sééms unlikely that the drug produces these chariges by
causiné either an-impairment of neuromuscq]ar transmissioq 0 aﬁ 3

impairment of axoplasmic transport.

7. ’ . BLOCK OF AXpPLASMIC TRANSPORT BY COLCHICINE ‘

‘Wh11e_no detectable éhange'in axop]asmfc transport could be

discerned in the sciatic nerves of animals receiving colchicine inject-

ions systemicallyor into the contralateral sciatic nerve, there was
however q significant effect on the 1nﬁected sciatic nerve. Proximal

to the site of colchicine injection, thére was an accumulation of rhdio—‘



127

activity which was intérpreted as being due to an interferepce with
aropTasmic transport. Since the block of transport was not complete
( &he wave-front continued past the jnjection site ) when for example .
152 ug was 1njected; it is referred to as a "partial" b]ock With
larger amounts of co]chlcwne.1n3ected into the sciatic nerve 400 ud ),
almost comp]ete disruption of the rad1oact1ve wave-front was observed,
These impairments of axop]hsmic transport were solely the result of °
the action of the drug since control injections of the solvent alone

had no effect. '

' When a-“"partial" block ot diop]asmic.transport was produced.in‘
the ipsilateral sciatic nerve, there was invariably a detectable impair-
ment in neuromuscu]ar transmission on the treated side, 'Tetanic‘tensioh
measurements demonstratéd that on the th1rd day following a co]ch1c1ne
injection into one sciatic nerve, there was a 51gn1f1cant decrease in
the amount of tens1on the muscle could produce. - The contra]atera]
muscles in these ahima]s oroduced-norma1 tensions. This finding,
combined with the observat1ons made w1th m1croe1ectrodes, that in some

fibres no transmitted action potentlals could be recorded, is 1nterpreted

as 1nd1cat1ng either the presence of nerve f1bres killed as a result

of the action of colchicine, or at least a.fai]ure at the terminals of

-

a number of axons: ‘It can be conc]uded from e observations that
in the rat a demonstrab]e b]ock of axop]asm1c tr nsport ably always

results in some degree of neuromuscu]ar fa]1ure in some nerve fibres.
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8. LONCEéNS’AND SPECULATIONS ABOUT EXPERIMENTS INVOLVING

THE BLOCKING OF AXOPLASMIC TRANSPORT

. One point of concern thaﬁ may be raised in these. experiments
is’ the degree of resolution .of the present technique ( using 3H-]eucine )
for the measurement of axoplasmic transport. Could the block of a
small but.significant amount of material be detected? From the present
experiments, an overall reduction of at 1éa5t 15 to 20% Sf the mean ampli-.
tude of the radioactive waveTfronflwou1d_have to occur before it could bé
stated unequivocably that there wa% indeed a significant decrease in the
apoun% of materials trahsported in th? nerQe. This then defines to some
ektent, the réso1u£ion of4this techniqué as usedvin the preseéi exberia
© ments. Consider the situation in whiqh; séy,'there‘was a measured 30%
decrease in the émoupt of material carried by axoplasmic transpert. This
‘could either meén that axqp]asmic transport\in 30%.of the nerve fibres
" was being blocked coﬁp]ete]y, Teaving 70% of the fibres.totally unaffectea,
| or that axoplasmic transport was reduced by 30% in each individual axon
- 10 the nerve. These considerations indicéte.the uncertainties in this .
type o% study and WHmit Ehe confidence Qith which_the‘presénée or'abéence
of "trophic" changes injtarget organs can be attributed to changes in
néurona] transport. A ‘
It is aisé not quite‘clear what the primﬁry consequénéeS'of;a'

block of axoplasmic trapsport really are on the nerves themselves.
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‘Certainly, when a motor nerve is-sectioned or ligated in mammals

( thereby producing ‘an im@ediate énd total block of «axoplasmic transport

at the site of treatment )‘degeneratjve changes are ob;erved within a

matter of hours fﬁ the nerve terminals ( Miledi & Slater, 19}0 ). '

Presumably'tﬁed, motor nerve’terminals in mammals are highly dependent

for theiq viability on the integrity of axoplasmic transport. It seems

likgly then, that i% axoplasmic transport was in any way (.mgchanically

or pharmaéo]ogi;al]y ) inﬁerrupted; the viab{lity.of the*né;Ve terminals

would be affected first ( cf Perisic & Cuenod, 1972; Cooper, Diamond &

Turner, 1977 ); this then raises the quesfiontof detectibn of the ear]y"

stages of denervation in contrast to changeé which occur mogt dramatically

when*degeneratidn is wé]] advanced. ‘ h X
finally, even if it could be demonstrated that for example, 30%

of axoplasmic transport was being blocked in each individual nerve fibre,

wqﬁ]d such a reduction be adequate to account for denérvatjoﬁ-)fke

changess, on the grounds of an inadequate delivery of trbphic:factors to

the poﬁt-synaptic structure? Are trophic factors transpofted in-a speéia]

separqte “channel”, or are they intermingled with bther.transported

axonal materials? If they are intermingled, then a 30% block 6f'axop]a§mic

transport in-each individual nerve fibre would mean that 70% of the

*tr0phié factors would still be getting through. At this stage, ‘the

question of "safety factor” would have to be considered. By what per-
Eentage would trophic factors have to be reduced to cause detéctable
effects on a muscle fibre? ~ Answers to these questioﬁs do not yet exist.

If trophic factors were transported in a separate "channel" then an

2
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argument could be put forward, that co]chicine'migkt preferentially and

significantly interfere with it, but the associated reduction in the ”

total measured axoplasmic transport might go undetectéd. There is no
evidence for or against such a’view at the moment, and in this case
there:seems no compelling reason to ;rgue that poor resolution of the
axdp]asmic t}ansport measurement has caused. a wrong interp}etagion of
the present findings. ‘ |

- From Ehe~resu1ts presented in this thesisy it is obvious that
great care must be exgrcised when interpreting experiments whjch purport
to block axoplasmic transport. The amount of block produced in each nerve
fibré shoul& be known in addition to what effect such treatment has on
the ne}ve terh%na? jtse]f, before any inferences can be made concerning

the block of postulated trophic factors.

9. X . THE USE‘OF‘DRUG~1MPREQNATED NERVE-CUFFS

1

-

The chronic app]}cation of cé1chicige to the sciatic nerve® with
a siTicone-rubber impianﬁ did indeed restrict EDL muscle fibre changes
to>the iﬁsi}atera1 side. . However, the technjdue gtse1f introducgd an
insidious complication, A large number of animdls deveJoped a-tﬁansito}y
paresis of thé treated hindlimb ( 57% of those. treated with b.]O%
colchicine-cuffs and 83% of those treated with 0.15% colchicine-cuffs,

see Table 1 ). The paresis was not.due simply to the mechanical présence ,

" of the rubber implant since much fewer animals { 23% ) were affected wiih

the control cuffs alone. It appeared that some form of synergism was
L\~ . .

-
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taking place. Perhaps the paresis was due to the‘swe111ng of the nerve
inside the rubber cuff as a result of trauma, and because of this, a
. blocngue to compression was occurring in the nerve. The irritation and
consequent swelling of the nerve may have been greater with the colchi-
cine-impregnated cuffs, gausing a higher frequency of paresis in these
animals. The swelling of the nerve can also account nice]y'for'the
_ trar$ient natLre of the paresis, since when the swelling subsides, impulse
conduction in the sciatic nerve could be expected to return to normal.
Since the paresis was transiéné,_it was very important in this
type of experiment to check that an animal had at no previous time
dgmonstrated clinically detectable impairment of its hindlimb fuﬁétfod.
In thé re]atizgly %ew rats that passed this stfingent criterion ( less
than 40% overé]] of animals treated Qith 0.10-0.15% colchicine-cuffs )
the interpretation of the ipsilatéré] changes in the EDL muscle $ti1]
nema{ned hﬁgh]y eéuivocab]e. Only about 34% of the examined fibres were
. found to.exhibit extrajunctional sensitivity to ACh, and these Qere
écatteréh amoné therest of the:musc1e fibre population which were founq
to be normal. There was ko certain way of knowing whether these fibres.
had actually been iﬁgctive for a few days prior to’thé experjﬁént or not.
In fact, thene éan be at least three different possjb]e interpretations

fpr the presence ofttheée fibres e;hibitihg extréjunctioha] genéitiyity

tojAChA (1) The appearance of denervation-]iké.chaﬁggs in these fibres
is due tb the block of trophic factors in the nerve. ( 2 ) %he changes
in the muscle fibres are due to their 1nact1vity; produced by a conductioﬁ -

- block by the nerve-cuff ( interruption of muscle activity for.as little

*
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'

as two days is sufficient to cause axgeneralized supersensitivity to

ACh of some days' duration, Lgmo & Slater, personal communication ).

»
Finally, ( 3 ) - it is possible, that these muscle fibres may have been
denervated by the killing of their nerves by“the pressure of the nerve-

. cuff, and that they’may have just newly been reinrervated by axon

- . «

collaterals fronfhe%ghbouring muscle fibres.

”

. Because of the many reasonable doubts and poésib]e interpretations

fo; the appég}ance Sf denervation-1like changesﬁjn the ipsilateral EbL
muscle fibreél}o11owing the app]iéation of:a co]chicine-impreghated
nerve-cuff to one sciatic nerve, it is concluded that the results of’
such cuff experiments cannot be used as uneqb{vocab1e evidence to
support the existence of neurdtrophic factors.

’

10. ., . MEMBRANE DEPOLARIZATION AND NERVE-STUMP LENGTH
‘ 5

Ry

A]théﬁgh no ‘experiments were carried out to specifically test
: ,;—ihe effect’of altering the length of the distal nerve stump on the onset
| of denervation changes, several interesting points emerged frbm the -
preliminary expeniménts involving the measurement of resting memBrané
\ potential ( RMP ) of EDL muscle fibres following denervation. first,
the_observation of Albuquerque, Schuh & Kauffman ( 1971 ) was confirmed,
that the énd-p]ate région of dedervated EDL muscle fibre§ is depo]ériied
"by 6 to 8 mV as early as 2 hrs fo]]owing deﬁervation. In‘the present

experiments, .animals were denervated at mid-thigh 1eQe1, leaving a nerve

stump length of about 30 to 35 mm. In the EDL muscles of two such animals ‘

*a
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examined at 10 to 12 hrs following sciétic nerve sectign, the RMP at the
gnd-p]ate region was indeed 6 mV lower than at the tendon region

( approximately ). At this time, allof the examined fibres had m.e.p.p.s.
and 14 out of the 16 fibres examined also had transmitted action potentials,
indicating that the. nerve terminals were still physiologically normal.
Albuguerque et al ( 1971 ) interpreted their.findings in this regard as
evidence in fayour of trophic factors from the nerve regu]afing this
property 6f muscle fibres. There 1s no strong evidence to corroborate '
this view at the moment.

Intere;ting1y, when the results of ;he present work are compared
to the results of Albuquerque et al ( 1971 ) and to the results of
Redfern & Thesleff ( 1971 ), both groups séudying the effects of @enerva~
tion on the rat EDL muscle, a.relationéhip between the rate of fall of
RMP and the length of the dista] nerve stuhp can be observed. Albuquerque
et al ( 1971') crushed the nerve at its point of entry into the EDL.
muscle, leaving ‘essentially a "zero" length of ngrve"stump. The E
consequently denervated.EDL muscle fibres déﬁo]arized'to about -60 mV
in‘aboht 2 days:. Redfern &‘Thes]eff ( 1971 ) cut the nerve to the EDL

‘musc1e leaving aﬁout 5 to 10 mm of distal nerveqstump. In their
experiments, the RMP of ihe muscle fibres reached their denerv?ted lTevels
“in abogt 3 days. The denervated EDL mqsc]es‘in the experiments réportéd
here, had distal nerve stumps of about 30 to 35 mm. As can be seen in
Fig. 21, the RMP grogirfpr about 5 days before reaching‘tﬁé figal
denervated levels of about -60 . Tahﬁ' together, these experiments

and results confirm the observations ofnLocke & Solomon ( 1967 ) who
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observed that-the rate of .decline in the RMP fo]]owing\ﬂenervation of

the cat gastrocnemjus muscle was more rapid with distal than wiﬁh proximal
nerve section. The correct interpretation of this phenomenon is not

yet possible with the pre;ently available information. It qight involve
neurotro;hic factors-released from the motor nerve, the cons;quences

of degenerating nérve terminals, ihactivity of the denervated mus;]e
fibres or_some combination of these possibilities.

’

1. CONCURRENT STUDIES BY OTHERS

During this investigation, a number of concurrent reports
appeared concerning physiological changes in- mammalian skeletal muscles

as a consequence of blocking axoplasmic trénSport. In these studies,

“all of the investigators interptreted their findings as being due to a

- block of neurotrophic factors in the nerve. However, because of the

concerns raised in this present work, their findings must be more
critically evaluated. .
Hofmahn & Thesleff ( 1972 ) injected colchicine into the sciatic
nerve of rats,in a sihi]ar manner to thq} described in this thesis, and .
observed the appearance of'exfrajunctiqpal-sénsjtivity to ACh and TTX-
resistant action .potentials ir the EOL muscle. They failed however to
examine the contralateral EDL muscle with m{croelectrodeé and thus had
no way of assessing wﬁeﬁher in their experiments the drug was prohucing

a systemic effect. Because of this important omission, their evidence

can not be used to support the existence of neurotrophic factors.
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' Fernandez & Ramirez ( 1974 ) injected colchicifi@into the .

hypoglessal nerve in the cat ghd observed only an'ipsi1atera1 increase

€

.- in sensitivity to intra-drteria]]y injected‘ACh of the genichyoid muscle

in the dqck. They interpreted their findings as being duelto a block

-of trophic factors 'in the treated nerve. While this may be true in the

cat, it is still necessary to exclude allother reasonable possibilities

first, especially- in view of the fact that many different situations

" ( i.e. denervation, inactivity, direct effect of the drug ete. ) can all

N

produce changes in .skeletal muscles. The level of neuromuscular trans- '

3

mission for instance, in thé geniohyoid muscle is difficult to assess,

]

c]injéa11y aﬁd,even a complete but. transient paralysis following tfeqtment'

may go entirely unnoticed. Thus a period of inactivity prior to the

experiment could be the reason why this.muscle becomes -supersensitive

“to intra-arterially injected ACh. In addition, in their report,

Fernandgi & Ramivez ( 1974 ) did not assess in any way the extent to -

which they were blocking axoplasmic trafsport. Thus we have to be .

"

assured thatéphey were indeed blocking axonal transport in the manner

they assumed, and we must have strong assurances that muscle inactivity

( particuja%1y transient inactivity ) did doﬁ occur at any time.in their
experiments, before their results may be accéptedas "proof" of d'trophici

fdf]uence of the motdr neuron on skeletal musé]e fibre properties.

-

A]buquerque and coworkers | A]buquerque, Warnick, Tasse & Sansone,‘

1972 ) -applied s1l1cone rubber nerve-cuffs impregnated with colchicine
and v1nb1ast1ne to -the sc1at1c nerve of rats, and reported that they

observed innervated EDL musc]e fibres whwch exh1b1ted denervat1on 11ke .

*y
~

)
3

/
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"They do not mention for instance, that any of their treated animals

136,

changes ( i.e. extrajhnctiona] sensitivity td iontophoretically. applied
ACh ). They interpreted their findings as being due to a block of
trophic factors in the nervé. In view of the complications inherent in
this téchnique, which have been‘mentioned previously, great care ﬁ;st
be exercised before such an interpretagjon can be accepted however.

had any impairment of the treated hindlimb at any time, even though

they were using cuffs with'a surprisingly.small I.D. of 0.8 mm. In
2 : '

the present experiments, the use of cuffs'with an I.D. of 1 mm or less

in the same size of rat that'ATﬁdquerque and coworkers used had to be

abandoned because of the extensive paresié and conduction block which
it produced. It is still possiS1e to setect anima1s.with'no detectable -

paresis, but it is then very important to know what pércentage-of musc]e-',

fibres exhibit extrajunctiona] sensitivity to ACh. This information

was not given. by A]bﬁquerdue_and coworkgrs gnd if, in fact tHe percentage
of these fibres was small, then it becomes very difficult to rule out
tﬁat their.re§u1ts were not the result of muscle inactivity due to a
econduct%on B]opk in the nerve ( see discus§16n on the use of drug-
impregnated nerveLcuffs.). o

In summary., unequivocable direct evidence has not yet been

_obtained from expériments in which co]éhicjne has been injected into

the nerve or applied chronically wifﬁ silicone-rubber nerve-cuffs that

trophic facters participate in the control of skéletal muscle fibre

properties. )

-
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12. ©° CONCLUSIONS AND SPECULATIONS

“The major finding in these experiments, if the interpretations

are correct, is that colchicine has a direct action on ske]eta] muscle
fibres, causing them, paradOX1ca11y, to exhibit ”denervation 1ike"
changes. The function of the muscles however, seems otherwise unimpaired.
The mechanism'by which this colchicine effect4bceurs is unknown, |
Although the earficipation of possible neurotrophic factors -in the
regulation of skeletal musc]e fibre properties remains unresolved, this
finding may still prOVide some insights on the nature of nerve- musc]e
re]ationehips. What, for instance constitutes the signal which.triggers-
fdenervetion changes in skeletal muscles? .Fdliowing systemic injections
of colchicine, tne'éppearance.of denervation-like changes certainly
seems un]ikely to be due to either muécie inactivity or to the loss of
trophic factors. §tili,,some alteration simi]ar to, that caused by
interruption ef.the normal nerve-muscle relationship occurs. Tne
deneryation—ljge_changes.that appéér-foi]oning colchcicine injections
appear to differ from the changes following deneryation in two ways;
- the magnitude of the changes -following colchicine .is much smaller than
following denervgtion, and they pérsist_during apparentiy norma]
’nehromuscuiar activity.

Following the subepineural injection of colchicine into the

sci;tic nerve, an impairment of the transport of 34-1abelled material
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can be observed. If this b]ockvalso interrupts the transport of trophic
substances controlling the sen51t1v1ty of EDL muscle f1bres to ACh,

one would expect th1s‘effect to sum wwth the ‘moderate systemic effect
.of colchicine to produce a more pronounced extrajunctﬁona{ sensitivity
to ACh on the injected side. The extrajunctiona] sensitivity fo Ach -
however, was the same in.the 1nnérvated EDL muscle fibres of.both ]egs
The only observat1on that can be—corre]ated with the observed 1mpa1rment
of axoplasmic transport in these exper;ments, was an 1mpa1rment of neuro-
muscular transm1551on on the treated side, suggest1ng that a block of
axop]asm1c transport leads to an 1mpa1rment of nerve funct1on, and
perhaps even to. nerve death.

In summary, colchicine, folloWing subepineura]'injeqtions, may
affect nerves ond muscles by various mechénisms'depending on: the dose
used First, it appears to act gystemtcally directly on the EDL muscle
1nduc1ng denervatfon- 11ke changes in vnnervated fibres. Second with

~h1gher doses it also appears to act system1ca1]y in producing a

revers1b]e bilateral 1mpalrment of neuromuscular transmission. Finally, ‘
. —_———— g

it also b]ocks axoplasmic transport at the site of app11cat1on on the

nerve,-produc1ng an ps11atera1 1mpa1rment of neuromuscular transmission e
and p0551b1y nerve fibre death as we]] s

_ With the use of’ drug- 1mpregnated silicone-rubber nerve cuffs to

.

confine the act1on of colchicine pr1mar1]y to the scidtic nerve, the

: ' A p
problem of.conduction block of nerve impulses was. encountered. Micro-
electrode investigation revealed that even with controT nerve cuffs in

~

animals dtsp]dying absolutely ne clinically.detectable signs of paresis.
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-at any time, a few scattered muscle fibres could be found which displayed
extrgjunctiona],§ensitivity'to 1ontophoretica1ly.applﬁed ACh. This
complication might be discounted if following the application of a
co]chicine-impregnated nerve cuff, the majorify of examihea EDL muscle
fibres would exhibit denervatioh-]jke changes, without previous signs

of péresis. This however, is not the case. Relatfve]y few of these

fibres can be seen following colchicine-cuff application, and there

“

is.qb certain way of knowing whether these fibres haq been af any
previous time imactive.
The eonclusions of this report.are that;coichicine can exert .
a direct effect on skeletal muscle fibres produc%ng, paradoxically,
’hﬂenervatibp—like“ changes 16 them. In hfgher'doses,:cofchicihe inje;ted
systemica]iy, can also reversibly .impair neuromuscular-transmission,

perhaps‘by difect]y affecting the release of ACh at the nerve terminals.

-

Colchicine injected into the sciatic nerve pr&duced a dgse-dependent

block of axoplasmic transport which cou]ﬂ-be corrglated with an ipsi-

lateral impairment of neuromuscular transmission thought to be due to

.
- . - )
~

-

killed nerve fibres.

-

Finally, this report brinés ipto focus the stringéni criteri;_
fhat'must;be.adhered to in order to obtain clear evidenee_qbnéernjﬁg'the:
nature of nerve-muscie "tngphicf re]ationshipsl One must be certain *
beyond any reasonable doubt that nerve impulse conduction is hoé impaired

and that the pharmacological agents used do not have direct effects of

-
LY

L4

~their own on the muscle fibres.

‘a
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STATISTICAL CONSIDERATIONS

o

* Full statistical analyses of the data obtained in these
experiments were not‘presented in }he\majn body of the thesis for the
sake of eihplifying the presentation of the findings. This seemed
justified on the grounds that no crucial argument pertaining to the
thesis was based merely on the manipulation‘of‘a set of numerical
data. Since the-omissioh of some of the statistical considerations:
from the main body of the thesis could justtfiab]y produce eome
misunderstanding of the nature ot data acquisition and treatment, this

abpendif has been added. to allay some bf those concerns. .

L

POOLING OF DATA FOR COMPARISONS

-

-

One quest1on that may arise in the treatment of the data in this

thesis concerns the Just1f1cat1on for poo]1ng certain data obtained

from 1nd1v1dua1 musc]e fibres from a number of . d1fferent annma]s

Pooling of data wou]d imply that each value obta1ned Was an independent:

measure. A1though th1s 1n rea11ty appears to be the case stat1st1ca]
:Justwflcat1on for thlS was not presented in the main body of the thes1s.

" As can be seen from the fo]]owing examp]es of raw data 51m1]ar to that

opta1ned thronghout this work, pooling of data for the sgec1f1c

comgarieons made in this thesiS‘appears to be justified. The main

basis for pooling data was that an analysis of variance of the raw data
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demonstrated that ‘the EDL muscle fibres from any similarly treated

group of animals appeared. to belong tp the same population of muscle

fibres even' though they were obtained from different animals. The

variance of data obtained within animals in any similar treatment ‘group

was much greater than the variations observed between the means of
different animals. Because of th1s,.a samp]e popu]at1on of EDL muscle-
fibres from one muscle could not be' d1st1ngu1shed as being d1fferent '
from sample popu1at1ons from other musc1es w1th1n the same treatment
_group. S1nce there appeared to be no difference 1n this regard the
‘data was pooled for ease of manipulation and comparnson.

| T;e anima{s presented in this appendix are d%fferent from

those which were described in the text of the Results section and
exhibit variances which are somewhat lower. Because of th1s, the
poss1b111ty that 'some slight s1de to side d1fferences in extra3unct1ona1

sens1t1v1ty to ACh or in RMP may have occurred fo]]ow1ng sciatic

nerve 1n3ect1ons of colchicine can not be entirely ruled out.

.
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TABLE Al. .Example of raw data obtained demonstrating extra-

junctigna] sensitjvityeqf ipsilateral EDL muscie fibres to ionto-

phorética]]y applied ACh near their tendon regions, fo]]owihg an injection

of colchicine-into the sciatic nerve four to five days earlier. The

values représent units of extrajunctional sensitivity to ACh ( see (
Methods ). )
. s l{s rd
MUSCLE 1 2 3 4 |
. 4.8 8.4 6.8 61
7.9 " 7.4 1.5 . 7.8 e
8.0 3.3 4.9 4.9
6.7 5.8 8.8 5.5 .
3.2 4 5.9 6.2 8.1
7.1 4.7 . 5.9 5.7
6.3 7.4 7.7 6.4
5.9 7.6 * 5.8 6.3
8.6 ° 3.7 6.9 6.0
4.3 4.1 - 5.8
6.7
5.1
7.9
6.0
suiM . 58.5 58.5 . 64.6 - 88.3°
MEAN  6.50 585 6.46 6.31 ¢ -
n ' 9 10 10, 14
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Y
An analysis of variance ( simple randomized design ) was
carried out on the.results measured in the iPsi1atera] EDL mdscle
fibres. This analysis indicated that statisEicaliy;'one could not
reject the idea that the populations of'the'sqmpied muscle fibres had
equal means and that they were actually obtained from a single podujat%on

of muscle fibres. A sahp]e population of ipsilateral EDL musc]é fibres

. from one muscle appeared to ‘behave like the sample populations from the -

other ipsilateral EDL muscles examined. Thus, since the probability
was high that all the measurements obtained were actually taken from a

single population, it appeared that the results could justifiably be

. pooled. B

ANALYSIS OF VARIANCE OF THE DATA PRESENTED IN TABLE Al

" The analysis of variance that was carried out was of the
simple randomized design.

The total sum of, squares:was 85.36.

SOURCE . DEG. FREEDOM - SUM SQ. MEAN SQ. -
Among groups 3 2.62 0.87 .
Within growps . 39 S g 2.12

Célculated F.value

0.87 / 2.12
RN B .
This F value indicates_that.there'is a _high pf&bqbi]ity that the- -
s;mple means are Eﬁua[ﬁ It is thus conctuded from this test that_thp‘
Variances observed-in the data could ha;e occurred by chance alone.



156

TABLE A2. Example of raw data obtained demonstrating extra-

junctional sensitivity of contralateral EDL muscle fibres to jonto-
phoretically applied ACh'near their tendon regions, following an . .
injection of colchicine into the sciatic nérve four to five days earlier..

The values in the table represent units of extrajunctional sensitivity ‘

to ACh.’
MUSCLE 1 2 3 4
6.8 6.3 6.1 4.4
4.3 3.8 . 6.3 6.2
s 5.4 7.4 7.2 7.3
6.7 4.9 5.9 7.1
6.4 4.2 6.5 5.0
6.9 5.9 6.2 5.3
6.8 4.6 5.4 5.5
7.5 . 5.4 6.6 6.1
6.6 5.7 5.8 6.0
5.3 5.8 . 5.6
5.8 - 5.1 6.2
SUM 68.5 59.1 86.0 .  .64.7°
MEAN 6.23 5.37 6.22 " .5.88

11

=
—_
—
. =
foy
O
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B S

“An analysis of variance ( simple randomized design ) was
carried out on the data p%esented in table A2. This analysis indicated
that for the contralateral EDL muscle fibres as well, the hypothesis.

at each muscle fibre was obtained from the same popu]atién could

e rejected can be seen from the data, the variances
werdmuch gregter within animals thén between thém. Since it was
highly probable, using this treatment, that each muscle fibre obtained
was from fHe~;ame population of muscle fibres, tﬁe data was pooled fo#

P

later comparisons.

-

ANALYSIS OF VARIANCE OF THE DATA PRESENTED IN TABLE A2

The analysis  of variance that was carried out was of the simple-
randomized design. :

The.tqta] sum-of ‘squares was 33. 46 .

—

. SOURCE. DEG. FREEDOM SUM SQ. MEAN Q.
Among groups 3 T80T 1.72

_ Within groups . T 2829 0.74

Calculated 'F value

nou’

+1.72 7/ 0.74
_ 2.32
Th1§ F value indicates that.theré is a high probability that the

“sample méans are equal and that the varf§nces observed in the data

could have easily occurred by chance alone.
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COMPARISON OF POOLED DATA.

Since each measurement appearea to be an independent observation,
data with respect to ektrajuﬁctibna1 sensitivity'of EDL musc1e.f1bres
was pooled. The poo]éd ipsi]aterél measurements wereacompared to the
pooled contralateral ones using a standard t-test ( one tailed for

related measures ).»

& . “

IPSILATERAL - CONTRALATERAL
n 39 ' 39
MEAN ©6.33 5.9
‘ST‘D. DEV. . 1.2 "~ 0.93

S.EM. 0.3 . 0.15

Using afbne tailed t-test for related measures, t was found
to be'1.19 in this case. Thé degrees of freedom was taken -as 38.
_With the above t Va?u?,‘the P value .was found td be greater than 0.1, - |
which would indicate that there is no significaﬁt differencé petween
the two populations of muscle Fibres.
fo bé certain that no opvious side to side variations vere
missed in thesg anjma1s,:ana]ysis was cérriéd 5ut to observe-whether

significant differences could be deteéted between muscle pairs.

N
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ANALYSIS OF MEASUREMENTS‘BETNEEN MUSCLE PAIRS

b

'"The data presented in tables Al and- A2 were obtained from

4 rats. Since the ipsi]a&eral_muscTes correspond to the contralateral

. ‘v" %
ones ( j.e. ipsilateral muscle 1 and contralateral muscie 1 were

obtained from the same animal ), a:paired analysis could be done. The

standard t-test ( one tailed for related measures ) was used to :
eiamine whether any significant side to side variation could be 4
observed. . '
&
MUSCLE n_ MEAN  DEG.FREE. t
IPSI g 6.50 .
L coNTRA 9 6.38 8 0.16
IPSI " 10 5.85 ' '
2 CONTRA 10 5.40 - 9 . 0.57 .
IPSI -9 6.72. . :
3 CONTRA g 6.22 8 0.93
. - IPSI S 6.30 . :
4T contRe 0 1 5.88 - 0 0.92
« 7 In all of the above.cases; P was greater than 0,1, indicating

that the observgd_diffeﬁences from side .to side. in these animals
\ g '
could have been due’to ‘Chance alone.
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In the foregéing treatment, one wi]]nnote that the number
of observations used differs slightly from the data tabled in Al and
A2. For the t-test for related measures, it is necessary to ﬁompare
groups of observations of equal size. Thus for this treatment ‘the
last few oBservations were dropped in those columns which exceeded the
' reéuired number. wThis procedure Ean be justified on the basis that'
the obseryations were obtained and tabled randomly and that dropping the
last one or twovmeasures should still leave a bnOper sample of the

examined mdsc]e fibre popylation.



161

~

TABLE A3. Example of raw data of resting membrane potentials
(RMP) measured in normal EDL muscle fibres., The values as measured
are in units of negative ( - ) millivolts (mV ) but for statistical

purposes they can be cohsidereq/as~positiye values.

MUSCLE 1 2 g 3
79 78 76
81 - 79 72
68 67 74
69 63 73
67 76 75
62 75 77
71 76 74
73 77 68
76 70 78
74 73 77
75 71 78
73
“SUM 868 805 823
MEAN o723 73.2 " 74.8
n 12 11, 11
: _ ANALYSIS OF VARIANCE OF THE ABOVE DATA

" The analysis of variance that was carried out was of the

4

»

simple randomized désign.

The total sum of-squares was 702.2

@



ANAL

YSIS OF VARIANCE

SOURCE DEG. FREEDOM

Among groups 2

Within groups , 31

Calculated F. value

This F value indicates that

" SUM Q.
-.36.3

665.9

18.15°/ 21.50
0.84

3

there is a very high probability.that

MEAN SQ.
18.15

21.50

162

the sample means are equal and that the variances observed in the data

could have easily occurred b& chance alone.
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TABLE. Ads  Example of raw data of resting membrané potentials

(RMP) 1in-denervated EDL muscle fibres.

MUSCLE

SUM
" MEAN

545

60.5
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ANALYSIS OF VARIANCE OF THE DATA IN'TABLE A4

. The ana]ysis of variance that was carried out was of th .

simple randomized design.

" The total sum of squares was 221.9 .

-
.
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SOURCE- . - DEG. FREEDOM SUM SQ.  MEAN SQ.
o oo *
Among groups . . 2 . - . 23.9 11.95

‘Within groups’ L - 28 & . 198.0 7.07

Calculated F value = 11,95 / 7.07°
S = L70 -

This F va}ueaindicqtes that the sémp]e'means are probably equal |
and that the variances observed are due td chance alone.
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COMPARISONS OF RMPS OF NORMAL AND DENERVATED EDL MUSCLE FIBRES

b4

As can be seen from-table A3, the average RMP of normal EOL
muscie fibres is’ Lf3 mv, in this.partiEuTék ins@ance. “Funtﬁermore,~
b§ the tests app]ied,,it appears that the ind{vidua1 values measured-
Behavé inaepeﬁdently, thus Sugtjfying tbé pooling of .the résu]t§. The .
a»deﬁefvated EDL muscle fibres in'Fablé,A4 exhibited, an average RMP of
. '59‘§,TY' .Infth}s gasé also, thefé'appeared to bé valid justifibatibn'
. for.péoling'éata since-by the tests app]ied,‘éach‘va1ue could be

_considered to be an independent measure.
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e S < ANALYSIS OF THE POOLED RESULTS . '
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The standard t-test ( one tailed for related measures )

" was carried out on the pooted da;E to examine whetther any differences -

existéed.

MUSCLE . MEAN - STD.DEV. S.EM. .
“NORMAL . - 30 73.4 . 4.85 0.89
DENERVATED 30 ° '59.4 2.70 . .0.49

.Frdm,the t-test, a value of 14.7 was obtained for t ( degﬁees.

anin

of freedom

.29 ), indicating that the two values were indeed

significantly different. P was'very much less than 0.01. This

ind%cated,that such differences as ‘observed above in the mean RMPs

could not_have bgén due to chance alone. .

ANALYSIS OF RMP MEASUREMENTS OBTAINED BETWEEN MUSELE PAIRS

. The data presenfgd i; tables A3 and A4 were obtainéé from‘3 rats
in which‘one hindlimb was denervated while the oéher one rema{nqd as

the control.. In th1s &ay, a pa1red ana]ys1s cou]d be done ( 1.e:

the normal EDL musc]e 1 and the denervated EDL muscle 1 were both

obta1ned\frow the same animal ). .The standard t-test ( one-tgi]ed for

related-measures )'was used to examine whether any signi?icant_side

to gide variatioq,jn RMP could be observed in thgsé-muscies.

ha
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ANALYSTS OF RYP MEASUREMENTS .
MUSCLE n_ MEAN  DEG.FREE. b
R )
2 e 10 ar ¢ 198
] DONERIATED L1 . poe 0 18

In all the above cases, P. was very much ‘smaller thaﬁ 0.01,
indicating that the above differences in the mean RHPs could not have

“been’ due to-chance alone.

7
/

In the above treatment, 6qg'wi11 néte that the number of
_fobservations is s]ight]j different from ihe data tab]ed’in‘A3'§hd Ad.
For the t-teﬁt.for related me;sunes, if is necessary fo compare 'groups
of eﬁua] size,  Thus for tHis specific treatment, Fhe'last few
.observations were drobped to produce equal 6umbers bf,observations:
‘.Tﬁis can be justified on the bgsis tﬁai the obseréat}oﬁs'were_pbtained
and tabled random]y.énd tﬂat dr0ppjng the last one or two measures
should stil] leave a proper sample of the e;ahinéd muscle fibre

<

_ population. -



