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L . ABSTRACT . o
Part I '. , Wf;.\“' L "‘2,_"' '
The atrop of cuta ﬁeoua (sural) and. muscle (medial

» ‘ /‘~

’ vgastrocnemlus)rnerves prox1mal to a llgatlon was studiedrid

l

vcats tor perxodc Lp to ‘9 months, u51no ‘1ght anq electron

f.

'mlcroscopy, COﬂdUthOﬂ velocl ¥ measurements and computer

pcalculated As atrophy proceeded nerve flbres became

'axons and flbres (axon + myel1n) were measured and

\ S

.

T‘slmulatlons of.actlon putentlal conductlon Perlmeters of

‘

Wcross sectlonal areas and dlameters of " qu1valent C1rcles

1ncrea51ngly nonc1rcular. A llnear relatlonshlp was found

‘between axon dlameter and f1bre dlameter,'but decrea51ng

‘clope as. atrophy contlnued 1nd1cated that theeaxon

‘tflbre (axon + myelln) dlameter.a

\

'cross sectaonal area decreased relatlvely more ‘than the _
S A e S . ‘ AT
: total f1 re area. Reductlon-ln conductlon velocity.

‘fcorrelat d more closely w1th reductron in axon‘diameter than -

A

The ratlo of axon perlmeter to myelln/pgrlmeterv

» .

dafremalned constaqt at or. near the optlmal value of 0.6 for,

conductlon in all groups of flbres at all perlods of atrophy

bstudled ThlS suggests that ‘the number of turns of myelzn

-Vpand the length of each turn remained unchanged durlng
;¢per1phera1 nerve atrophy A 51mple geometr1cal model

”»explalns how thlS can. occur The Frankenhaeuser Huxley

‘equatlons/jor conductlon 1n'mye11nated nerve flbreS‘predict

—

i

.tchanges 1n conductlon veloc1ty 51m11ar to. those obserigg{jf

" the axons atrophy w;thout_changes 1nmee11n,; TS

o

Civ



Part T
| The phy51oloq1cal propertles of the fast lateral

castrocnemlus and slow soleus muscl

~Jpopulat1ons were stud1ed after, g
' of o M. o
“tochemical
i g . ki

stalns for ox1dat1ve, glycolytlc and myofln ATPase enzyme

;
nerve in tontrol and experim )

actlvlty_Were uSed touldentlfy fibre types;rn control and
reinnervated muscles-and,motor unit and"histochemiCal
propert1es compared .

Relnnervated muscles recovered a good: proportlon of

'their welght number.of flbres»and force. Fibre types became

-

almost completely "type grouped" Both reinnervated mUscles’

—

‘ contalned the same proportlon of slow and fast motor un1ts.
“Slow and fast. muscle flbres were not preferentlally
relnnervated by slow and fast nerve flbres respect1vely} The
fast muscle became slower and the slow muscle became faster.

'f‘Alteraﬁlons in the t1mes and rate@ of developm nt and

relaxat1on of ten51on of whole muscleftw1tch and tetanlc

~l‘contractlons could be explalned by the altered motor unit

”populatlon in the re1nnervated muscles. “w" |

Motor un1ts were stlmulated by 1solat10n of 51ngle
- B

‘motor axons and the1r contract11e propertles studled ‘as. for’

‘whole muscles. Motor un1ts were classified as FF (fast
fatlguable) FI (fastxlntermedlate), FR (fast, | |
fatlgue resistant) and S (slow) accordlng to the1r

ontract1on speed and re51stance to fatlgue; Contractlle

&

propertles measured to determxne motor unit characteristics

3



Wd
were not significantly different from: gontrols in each type

4

of reinnervated motor unit in both formerly fast and slow

muscles after reinnervation.
(LY

The normal relatlonshlps‘qstween the size of the motof.

unit as ‘indicated by. twitch and tetanic force and- the

'innervationvratio (the number offmuscle fibres per motor

1]

" .unit), the contraction time, fatigue resistance, and the

24

type of ‘motor unit were found for the fast mdto;*f'

reinnervated muscle aithough‘these“motqp'Gnits r ama
within a smaller range of sizes than in control,muscfe\\Slow

motor units were larger than controls in both reinnervated

,mUsEies and the average'twitch forces-were not significantly

] . . . -~

. ] 3 . )
different from-each other or from reinnervated FR moto?.
units in either muscle. Specific tension (per‘fibre) was

,m‘

decreased in soﬁ\\motor unlts after re1nnervg;;on. Flbre
counts may have underestlmated the actual. number of flbres

by 20% in gontrol muscle and by a Iarger-percentage in

atrophied‘muscie,

. [ o
Proportions of motor units and corresponding
histochemical fibre types were well correlated in the LG

control and reinnervated muscles and 'in control soleus.

.Reinnervated soleus. contained a high proportion of oxidative

4

! .
fibres with histochemically slow myosin ATPase while having

a much. lower progprtion.of slow motor units and a faster
W5, 2 gy .
P .

' contraction time thah§cantrol'soleus. The oxidative

»

properties of soleus muscle fibres are resistant to

alteration by the nerve. - S J

vi
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o ‘ I'. PERIPHERAL NERVE xﬁaunrz THEuEFEECTS'éF'AXOTOMY,
B INTRODUCTION A
: The sequence of events follow1ng,axotomy 1ncludes
Wallerlan degeneratlon of the dlstal segment axonal atrophy
f rlof the pronlmal stump and chromatolysPs of the cell body
‘followed usually by the formatlon of,sprouts and the1r
regrowth towards the perlphery and relnnervatlon of the‘
% target organ ' Successful relnnervatlon of the approprrate or"‘
' orlglnal target requlres some degree of spec1f1c1ty of v
1nnervat1on and ra1ses the questlon of the trophlc
1nfluences,act1ng between neuron and target' ThlS study
'3exam1nes two phases of the events occurr1ng subsequent to
‘jaxotomy , 71;" "'f‘fih;i n - ‘;h- t‘f 1 ﬂl*.' f .
>1ﬁ‘_the atrophy o@ the prox1mal portlon of the axon when
o relnnervatlon 1s prevented and |

2. the spec1f1c1ty of a motor neuron for 1ts target muscle

- ,on relnnervatlon of the muscle

P

O 1 The Reactlon of the DlStal Stump

The degenerat1on of- the dlstal stump is. named after
Waller who flrst descrlbed the process in 1850 More
recent flndlngs descr1be an accumulat1on of organelleg,

'vdlsruptlon of the axonal cytoskeleton, and swell1ng and

L e

e e o

* Results of the experlment presented in thlS chapter were
~ published in "The relationship between axon, myelin and
. ‘conduction veloc1ty during. atrophy of: mammallan peripheral
nerves" Brain Research, 1983, 259, 41-56, by M.J. Gillespie
-+ and R.B. Stein.:The work is 1nc1uded in this the51s w1th the
RN klnd perm1551on of the co- author Dr. Ste1n. o : -
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A dlsruptlon of the axon and the myel1n. The Schwann ce115y o
are stlmulated to proIlferate and phagocytlz the axon

»Vand mvelln debrls. Flnally there remains a co&lapsed
{endoneurlal tube fllled w1th Schwann celis whECh can.f
:;lser;b as a- pathway for the growth of regeneratlng nerve
»fségbqts‘ . . : C ‘ _ -

1;1:0;? The Reactlpn of the Cell Body L

| The typlcal reactlon of the major1ty of cell\\cd-
;bodles, flrst descrlbed by lesl 1n 1894 is swelllng of
,the perlkaryon, movement "of the nucleus to an eccentrlc_f
'pOSlthﬂ, where it 1s flatt'ned agalnst the membrane at

the pole of the cell opp051te tj'gaxon hlllOCk and the‘

v.dlsper51on and dlsappearance of. the\basophlllc N1ssl

substance The reactlon can be detected w'

‘hln 24 hoursv‘
(Matthews & Ralsman 1972) and 1s well developexh y”2—3

: ‘days; Recent 1nvestlgatlons w1th the electron mlcros;'

~

-have conflrmed the orlg1nal observatlons and prov1ded .:m>\\

:greater detall Loosenlng of the structure of the
‘=basoph111c substance, degranulatlon and dlspersal of the*
'rough endoplasmlc retlculum and dlsaggregatlon of thee
.cytoplasmlc rlbosomes are ‘the™ ultfastructural correlates ;r‘
nof the chromatolytlc reactlon (Smlth 1961- Mackey et. al

1964 Zelena 1971' Matthews & Ra1sman 1972 Barron &
h‘Dentlnger 1979) The det\\hment ofcthe rlbosomes from

¢

"the rough endoplasmlc retlculum accompanles an 1ncrease

\

;'Jn ‘the productlon of RNA and proteln (Watson 1970) as

the metabollsm of the neuron - sw1tches from the
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productlon of transmltter*assocmted molecuIes to “
’ . r. . ¥ o
'anabol1c regenerat1ve processes (Harkonen & Kaufman

o

'1973, 19/4) Hypertrophy and per1phera1 dlsplacement/of rﬁ?~

:;the Golgl apparatus have been reported (Bodlan 1964

' '>1L1eberman 1969~'Barrona& Dent1nger«1979) Swelllng and i

rﬁ‘(Hartmann 1954~'Bod1an 1964) 'the appearance of

: -1ncreased nUmbers of m1tochondr1a (Hartmann 1954° Hudsontf;”

et al 1961)“1ndentat10n of the nuclear membrane ‘Vu,}

| cytoplasmlc organelles (Zelena 1971~ Matthews & Ralsman.h
- 1972) and 1ncreased numbers of neurofllaments (Zelena
‘;-1971- Barronwd Dentlnger 1979) are other characteg&st1c’
ifeatures of. the react1on | | |
| | Alteratlon of the neuronal membrane and hyperpla51a'

| ’_of gl1al cells (Klrkpatr1ck 1968; j\en 1978) lead to

';degeneratlon and retract1on of. the cell s afferent

N_;synapses (Kerns It H1nsman 1973 Sumner 1975) and the

1nsertlon of gllal p%ocesses between the boutons andhthezu'
‘cell membrane (Kerns & Hlnsman 1973 Mendell Munson:&ﬂip::
tScott 1976) Altered membrane propert1es also result lnff
jreduced synaptlc eff1cacy accompanled by reductlon in

the 51ze and rate of rlse of the monosynaptlc exc1tatory!
'postsynaptlc potent1a1 (Downman ~Eccles & McIntyre 1953°
V,Eccles Krnjev1cr& Mlledl 1959 Klraly & Krn]ev1c 1959;,‘.
_Kuno & Llnas 1970) | - ‘ B

The chromatolytlc reactlon 1s usually max1mal

= fbetween seven and fourteen days (Zelena 1971° Matthews &f

: Ralsman 1972) Thereafter fewer chromatolytlc cells are



seen (Barron & Dentlnger 1969 Zelena

_,gaxotomy (Aldoskoglus & Rlsl1ng 1981) whlle}adult cells

‘qshow varlabl”

the reactlon, wlth more rapld oqget and more severe and

l_,v —

.

'ﬁylduratlon and severlty of the. @hromatoly 1c reactlon is
'1nfluenced by a nqmber of factors. Cells of foetal

‘dnew born and, early post natal anlmals ere partlcularly

»

"susceptlble to 1njury and most often d1e £ llow1ng

degrees of recovery The prox1m1ty of the

1e51on to the cell body also 1nfluences the severlty of

[

’ prolonged reactlon occurrlng when the le51on 1s close ‘to

the perlkaryon More exten51ve chromatoly51s is thought

x.;,_, }

to be an 1nd1cator or precursor of cell death (Barr &

Ham1lton 1948) The nature of the le51on ‘also has an-

r»effect on the extent of cell reactlon and neuronal
f,‘degeneratlon Crush 1njur1es generally allow for full
_restoratlon of functlon whlle recovery is less complete

'follow1ng nerve sectlon. Spec1es dlfferences in cell

reactlon of both neurons and satelllte cells have also

’been found (reV1ewed by Llebermann 1974)

The chromatolytlc reactlon descr1bed above 1s most

ftyplcal of vertebrate perlpheral'.neurons._Matthews &

, Ralsman (4972) reported that the ma]orlty (85%) of the

-

C motor neurons show 51gns of reactlon after sciatic nerve

¥

,Vsectlon in the rat Ranson (1906) c1ted reports of
-jvarlable degrees of reactlon and varlable extent of cell’d
;1oss, part1cularly w1th respect to sensory versus motor

”cells;”irer the response of ventral horn cells was



variable, but‘there was a consiStent‘loss'of half the

splnal gangl1on cells Smlth et al (1960) reported that

large cells were more often 1nvblved than small cells
‘whlle Rlsllng et al (1980) found large and small cells
~to be equally affected Some 1nvest:gatlons report cell

'Hldeath of one thlrd ‘to one half of all cells (Aldoskog1us

& Rlsllng 1981) or there may be recovery from- ‘ l ;f

lvcnromatol?51s with- long term atrophy of'the'cells,(garr

& Hamilton 1948).

T

0 3 The Reaction of the Prox1mal Segment of the Axon
Cajal (1928) descrlbed the development of a
‘necrotlc segment at the end of an 1nterrupted axon. The,
axoplaSm becomes granular for up to 3 nodes (Blumcke,.
‘Nierdorf & Rodej 1966; Zelena, Lubinska & Guttmah Tgsé);
" the granular region continuing to extend%over a period
of 29 hours_o\\more (Causey & Palmer 1952; " Lubinska
e1196l;,morgan’ Hughes & Engel 1968 Morrls Hudson &

jWeddell:1972) Organelles (Zelena[ Lub1nska & Gutmann

Aj_1968) enéymes, (Morgan Hughes & Engel 1968) l1p1ds,

V(Aldoskoglus 1978) dense lamellar bodles, ve51cles,
ggautolytlc bodles and. tubular structures (Blumcke,
;Nelrdorf & Rodej 1966 Morrls ‘Hudson & Weddell 1972c)
are seen to accumulate prox1mal to- the zone of necr051s
é‘and the neurofllaments are dlsrupted (Zelena 1971-'
*Schlaeffer & M1cko 1978) There is demyellnatlon of- th1s

vnecrotlc segment (Cau sey & Palmer 1952; Lubinska 1961;

Blumcke, Nlerdorf & Rode] 1966) but not necessariIY" -

K



,and phagocytosis of myelin by them. Schwann cells

K\\ o ' , 6

demyelination of the rest of the\pronimalﬂseqment

(Lampert 1967). Morris, Hudson & Weddell (1972a)

%

described withdrawal of S¢hwann cells of this segment

~containing myelin debris were seen for up to +0- days

following the injury, after which there was a gradual -

disappearance of both. Protein syntheSis in the axon has

“beert- reported (Toblas‘.‘Koenlg 1975; Benech et al 1982).

After a latent period during the initial reaction

-

of between 2 and 24 hours the distal portion of the axon

develops a terminal swelling or "club of growth" (Ramon

'y Cajal 1928- Blumcke, Nierdorf & Rodej 1966) and within

the first sgx days a number of sprouts grow from the

“ends of the bulb and from adjacent regions of the axon.

These sprouts grow towards the .injured reg1onv(Caja1
1928) slowly penetrate the scar and then grow towards

the perlphery at a fairly constant rate of 2-3 mm per'

- day (Cajal 1928 Grafsteln & McQuarrle 1978). During

thelr progress: they may divide, be diverted or even
turned back (Scadding»& Thomasa1983).'Sucoessful sprouts
are seen to enter tﬁe'old endoneurial tubes and grow

down them towards their original target.
1.0.4 Atrophy of the Axon When Reinnervation is

Prevented
. When reinnervation of the periphery is prevented,
the axons of the proximal segment above the injured zone

may survive indefinitely, undergoing gradual atrophy.a

-



(Gutmann & Holubar 1951; Cragé & Thomas 1961; AiFkéﬁ &
Thomas 1962). Sevé;al studies”haVe reported greaﬁef
effects af axoténw'émfsensé?; fibres than on motor
figres'fcarlson eg al 1979; Hoffer, Stein & Gordon 1979;‘
Risling et al 1980; Milner- & Stein 1981).'Sandefs
(1948), Cragg & Thomas (1961) and Aitken & Thomas_(1962)
ih their'light microscope observationé reported that- the
diameter of the.axon was reduced more than the total
diameter of the‘fﬁbre (the axon plus theimyeain~sheatﬁ),
Sanéers—(1948)‘reported that myelin thickness was
increaséd while Gutmann & Holubar (195?) found it
decreased. More recent studies with the electron
microscope Have-not defihitiyely settled the question
(Spencer &bThomas:1970; Carlson, Lais & Dyck 1979). 1t
is clear tﬁat és a nerve fibre atrophies, the myelin
occupies an increasing fraétion of the cross-sectional
area, but it is unce;tain whether this represents an -
n_absolute increase in myelin thickness or .a relétive.

increase when compared to the reduced size of the axon.

" 1.1.0.5 Conduction Velocity of Aﬁrophied Nerves o
There is a décreasefin conduciion velocity proximal
“to a periphg}al nerve lesion whicﬁ accompanies the
atrophy of the fibres (Cragg & Thomas 1961;'Kuno étﬁél
+.1974; Mendell et‘ai 3976). The ioss of fibre diameter
ana<reduced conduction velocity caﬁ feach a plateau and
the'fibrés can remain atrophied indefinitely wifhout

further deterioration (Guttman & Sanders 1942; Cragg &
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Thomas 1961; Czeh, Kudo & Kuno 1977; Milner & Stein
1981). The nerve continues to be able to generate action
potentials»(De~Luca & Gilmore 1976; Hoffer, Gordon &
Stein 1979). The reduction in the charge generated at
the dorsal and ventral roots and the reduction in
conduction velocity were both seen to be greater in
large sens&ry fibres‘t§an in motor fibres (Hoffer, Steln
& Gordoﬁ 1979; Milneﬁy&'sﬁein 1981). Milner & Stein
(1981) cited preliminary observations;that the decline
in condﬁction velocity in atfophic'negvés appeared to be
much gregter‘than the decljﬁe}in fibre diameter aeaéured
histologicéliy. Conductibn velocity has been correléted
with outside fibre diametér in.no:mél myeiinated fibres
(Hursh 1939). . ¢ , | N

1.7.0.6 Theories of Conduction Velocity

For myelinated fibres a linear relationship between

conduction velocity and diameter has been hown by Hursh
‘(1939), Rushton (1951), Frankenhaéu:er & Hﬁxley (1964)

- Boyd (1966) and Buthtal & Rééehﬁalckv(19§6); Boyd & Kalu
(1979) andAArbuthnottﬂet al (1980) found differehp U
linear relationships between conduction velocity and
outer fibre diameter for largé and Small‘myeiinated
fibres. Theoretical approaches (Goldman & Albgén1968;
Koumarelas 1973) also preaiqted the dependencé of
conduction veloFity bn fibre diametef. Théée anélyses
presumed gedmetrical‘uniformity of nerve fibres (Waxman
1980) and failed to coqsider the variation of cherl R

T
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" fibre parameters with éiameter. Invegtigators ;ho sought
to determine the effects of other parameters, singly or
in combination, include those who considered. myelin
thickness, (Sanders 1948; Sunderland & Roche 1958;
Freide & Samorajski‘1967; Williams,.Wendell—Smith 1971),
the internodal length (Hursh 193?: Coppjin & Jéék\1972;-
Dyck, Lamberf et al 19815, nodal properties (Koles &

- Rasminsky 1972) and the axon diameter (Donaldson & Hoke
1905; Gasser & Grundfest 1939; Rushton 1951} Hodgkin
1964; Friede & Bischhausen 1980). 1t was b;edicfed by . ’
Rushton (1951), Rochg (j958), Sunderland & Rbche (1958)
Frankenhaeuser & Huxléy (1964), Smith & Koles (1970) and
fMoore,‘B:ill, Joyner et al (1978), that the myelin l
thiékness m and 'the thus the-reiated‘;atio g of axon
diametér a to total fibre diameter D would have an

~optimum value (0.6 qu g). There is considerable
uncertainf} ébout'thébéelationship of axon diameter to

s total fibre diameter*ih‘normal nerves (Huxley & Stampfli
1949; Rushton 1951; Suhderlanq & Roche 1958; Buchtal &
Rosehfalck 1966;'Fr£ede & Samorajski 1967),yand almost
no information for.at;ophic nerves. /

1.2 THE RELATION BETWEEN AXON DIAMETER, MYELIN THICKNESS .and

CbNDUCTION \/-EI;.OCITY. .> |
‘The experiment to be described was designed to |

investigate the correlation between the décline~in

conduction velocity, and histological measurements of

2

."
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atrophied nerves.! A sensory (cutaneousf and a mixed
(muscle) nerve were cut in the hind limb of cats and alléwed
to atrophy for up to 273 days. At regular intervals of
approximately 20 days the conduction velocity was measured
for both motor énd sensory fibres. At the conclusion of the
acute experiment, nerve samp%e;were fixed for measurement}
6f diameter. Photomicrographs taken with light and electron
microscopes were used to measure axon perlméter and total
fibre. perlmeter, and from these values the équ1valent axon
and total fibre (axon plus myelin) cross-sectional areas
were calculatéd ("equ1valent" is used ‘to mean the value for
a circle having the same perlmeter) Equivalent axon and
total.fibre diameters were likgwise calculated and from
these the myelin thickness was determined. The relationship
of conduction veloFity to the above parameters wa; élso
calculated using the Frankenhaeuser and Huxley equations.
Computer simulations (smith & Koles 1970} Koles & Rasminsky

1972) have been used to’gbmpare the validity of the findings

with the theoretical predictions.

- .x | | )

1.2.1 -Methods - , /
s ‘ | | |
The surall (Su) nerve and the medial gastrocnemius (MG)

.
nerve were cut in one-hind limb of 12 cats. The cut and
ligated nerves were sewn to a small silastic pad which was

: D , J o
placed between the nerve and its former tﬁrget organ to
prevent reinnervation. At intervals of approximately 20 days

*Much of the material presented in this section was
gPublished in Brain:Research 259 (1983), pp. /41-56.
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from 29 to 273 days after nerve section the compound action
potentials generated by the cut nerves were studied in acute
experiments and the conduction velocity distributions were
determined as described by Milner & Stein (1981) and'Milner,
Stein et al (1981). The'unoperated contralateral nerves wefe .

used as controls.

1.2.1.1 Histology
Light Microscopy
UQSH completion of the physiological stuaies;
samples 7 to 15 mm ih length of each experimental and - -
control nerve were taken about 10 mm proximai to the cut
’ end or to the reéording site. Nerves containing a
greatly incfeased proportion of small myelinatgd fibres
were excluded as this indicates'sprouts‘growing
centrally (Scadding & Thomas 1983). Several experimental
nerveé were also sampled 2*3 cm proximal to the cut as
an additional ¢ontrol and of thgse’only those nerves
containing the same number ofrhyelinated axbns both
proximally‘and"distally vere included. The nerves were
fixed in 3% gluteraldehyde in 0.1M phosphate-buffer for
2-6 hours, post-fixed in‘gsmium tetroxide for 1 hour,
dried in ascending alcqhols and embedded in Araldite.
;1 um thick sections Qere stained with ;
1% p—phenyienediamine (aequeous) and photographed with
phase-contrast microscopy using a green filter to °

provide monochromatic illumination. Photographs were

printed at 1000x magnification and the diameter of all

>
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.5mye11nated‘f1bres in each nerve was measured by f1tt1ng
w1th c1rcles of standard 51zes. Hlstograms of. f1bre/51zeb
’dlstrlbutlon vere. prepared and the cumulatlve percentage
“of flhres present at-or below a glven total d1ameter was
fyplotted agalnst logw flbre dlameter ' ‘
1E1ectron M1croscopy : | =
| Electron mlcrographs of ultra th1 '(siiver—gray)
‘sectlons of nerves were prlnted at a magnlflcatlon of
- 9240 tlmes. 50 to 150 flbres per nerve were measured by
rtrac1ng the inner (axon)-Perlmeter s, and the outer
]f(myellncor‘total_fibre}fperimeter,Si using a cursor w1th
" a cross~hair. Thevrectangular coordinateS'o{~the
fp051t10n of the cross- ha1r durlng the trac1ng were
recorded u51ng a mlcrocomputer (LSI—11- Dlg1tal
1Equ1pment Corp ) and from these values the dlameters of
circles hav1ng equ1yalent»per;metersr(d;eq and D~eq) and'
':the areas (adand;A) were calculated;v B |
Fromvthesejva}ﬁes, other parameterskwere Calcglatedvas,-”
hfollows: R | | |
zg;hthe ratio of.jnner perimeter (s) tomouterdperimeter
kS) (S/S) (ArbUthhott ethai 1980). The same letter
is often used for the ratlo of inner tofouter
‘”dlameter ((d eq/D eq) but the two ratios are only
.the same. for a circle an&'are affected qu1te
'dlfferentlyfas nerves atrophy_(see:Appendlx),
mv='myelin thickness;'calcplated'from the perimeters.

‘m= (S F s)/2m. This simple formula turns out to be



. | N r. : . y‘ . ’. “. . ’ .> ‘_.' . .“ 13

remarkably a0curate (see page 28 and the Appendlx).
”uand far less t1me consumlng than try1ng to measure
the thlckness dlrectlv at a number of polnts around‘

the f1bre or’ countlng the. turns of myel1n

v
B

%3 c1rcular1ty ofﬂthe axon ,calculated as the axon:
cross sectlonal area (a) d1v1ded by the area of a.
‘«Clrcle hav1ng the same perlmeter.
jﬂ an a’/s (Arbuthbott et al 1980)
"For  a circle 7} =_l and for a Sllt w1th zero atea =
O:lThusvﬁ proyides-a convenlent,normal;zed measurec
‘of circularity. SR | |

¢

circularity of fibre (axon + myelln) “calculated as -
above from the outer measurements !
- ®'év4n A/S2 where (A) is- the‘crOSS*sectional,area of

‘pthe flbre K ;\'

1;2;1{2-ComputeafAction‘Potentials,

S Actlon.potentials'were computeé'from the
Frankenhaeuser Huxley equatlons for a frog node/'u51ng
the cable equatlons for the 1nternodal reglons ‘as first -
“described by Goldman & Albus (1968) A FORTRAN program“
modlfled from Smlth & Koles (1970) ‘and Koumarelas (1973)
to run on a PDP 11-34 computer was’ used to calculate
actlonvpotent;als for ten nodes for a flbre-at 20°C w1th‘
an~outervdiameter'of 15 um and an inner dlameter of 10.5

v For a c1rcular fibre the ratio g = d/D ‘ 0 7. 1f,
»durlng atrophy, there vere ‘no changes in the propertles

of the axon membrane or the myelln or Schwann -cell
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embrane{ the only change would be in the axoplasmlc
re51stance per un1t length of cable. Durlng atrophy the

axon area a w1ll decrease as the. axon becomes

°

onc1rcular, as W1ll the dlameter d e% of a circle. of,

equ1valent 51ze. The axoplasmlc re51stance Ra WIll

therefore 1ncrease, while all other parameters of the

\ equatlon remain constant AD 8 fold 1ncrease 1n the

'axoplasmlc re51stance Ra' correspondlng to a 2. 8 fold
decrease in’ the equ1valent axon. dlameter was. stgdled
W1th the hlgher re51stance the stlmulus at the flrst

. O :
node was. adjusted to ensure that an actlon potentlal was,
ﬁ\ .

propagated .In comput1ng conductlon veloc1ty the- flrst S

node was 1gnored because of possxble st1mulus artlfacts;
‘and the last node was. 1gnored because of the term1nat1onv
of the cable }n a short~c1rc:\¥. The conductlon veloc1ty,”
ﬁ’.‘was determlned as the tlme\for the half max1mum po1nt on_
the r151ng edge of the actlon potentlal to propagate

over the 1ntermed1ate nodes (1nternodal dlstance‘= 1.38 -

mm) .

,1.2}2.Resnlts

1.2.2.1 Histology ) '-‘f-"r . L '

Transverse sectlons of flxed nerves exh1b1ted the

' cr1ter1a of’ good flxatlon outllned by Morrls Hudson &

Weddell (1972b).v“The myehln; 1ngi %olloWed smooth

fJbres were not packed

. S , : I .
together .with high dehsityq such that the distortion of -
: S . o N . ' s

curyes-without,sharp angles ang



_ ",?;
flbre shape occurred here was negllglble spllttlng of

/

pthe myelln lamellae in small and medlum 51zed ‘nerve’

flbres and onlv mlld spllttlng 1n some of th° large‘
[ \ .

‘fibres, ejﬁn when the proflles of these were hlghly

‘crenated"a Flgurejl;l is an electron mlcrograph of part

of‘the' tvs\sectlon of an MG nerve after 228 days,f‘

—

‘atrophy which demonstrates good flxatlon of the tlssues o

-(magnlflcatlon x4620). The axons are. not compressed or‘,”-

«§

crowded together, the myelln is 1ntact and the axon has

not retracted from the inner perlmeter of - the myel1n

‘sheath but contlnues to fall the space enclosed by 1t.:“'

,Intact organelles can be seen in the axoplasm and the>"
Schwann cell cytoplasm

Cross sectlons of the cat cutaneous (sural) and

”

muscle (medlal gastrocnemlus) nerves are - shown 1n flgure

'1.2. Sural control is on the: upper left and MG control
’tls on’ the upper rlght An experlmental sural nerve 253
lhdays after axotomy and a medlal gastrocnem1us nerve 228
HAdays after axotomy are. shown below the controls on the
lleft and rlght respect1vely The majorlty of the’ axons
. in the experlmental nerves showed altered proflles
‘compared to the control herves. Flbres became .
: progress1vely less round as thevtlme after llgatlon
1ncreased The. myel1n sheaths became wavy and 1nvoluted
.1n proflle but remalned intact. The sheaths collapsed
flnto the axonal space as: the axons shrank in volume and

':~cross—sectional-area.'

s

15:‘
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'Flgure 1.1 The electron mlcrograph of a sural nerve

”4cross sectlon 1llustrates that the preparat1ons meet the

3

V»crlterla for good flxatzon of the tisgue (Morrls, Hudson and

vWeddell 1972b) The myelln lamellae remaln 1ntact and have
not . separated and the axoplasm has not retracted from the

" inner perlmeter of the myelln sheath Flbre shapes are not
: dlstorted as a result of compre551on ‘of the tlssue. Intact
organelles can be seen in the axoplasm and the Schwann cell

'cytoplasm (Magnlflcatlon x4620)
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In general the sural nerve fibres became more oval
and flatfened and most fibre’ sheaths resembled
completely closed tubes after greater than 200 days
'fatrophy. The electron micrograph 1n‘f1gpre .3 of
individuai axons bf experimentallnervee after more than
PZOO days'(as'in figure 1.1) shows that the fibres of the
muscle‘nerve deyeloped'regularly indented wavy prof}lee
" rand many of the fibres resembled normal para~nodal .
fibres. Some fibres remained relatlvely round perhaps
‘due_to the lesser atrophy of motor axons (prfer, Stein
‘& Gordon i979); and few fibres appeared gompletely’

¥

“collapsed. g
’Fibre Diameter-Histodrams

Histograns'effffbre diameter (axon +“myelin)
measured from light micrographs’of control sural nerves

‘had a binodal distribution with peaks at 6um and 10um .

" and are shown in ffgure~1.4'(A). The bimodal | |
distribution -was loSt‘in the experimentai nerves (figure
1}4 B). The major peak occurred at 4um and very few
fibres were observed-greater than 12um in alaneter after -
greater than 200 days atrophy. Slmllarly, the control
muscle nerves had a bimodal dlstrlbutlon w1th peaks at
'abdut 6 um and 16um as seen in figure 1.4 (A) After
‘greater than 200 days atrophy only a 51hgle peak was

observed at 4-6um diameter‘and again yery few large
fibree were observed (figure’1f4 B). Note that the total

numbers of nerve fibres was almost identical, even more
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Figure 1. 3'Electron microgrephsﬁof fibres in the sural and
MG nerve over 200 days after the nerves had been l1gated
Some flbres had atroph?ed relatively little (MG) whereas in
others the axoplasm had almost dlsappeared (large sural

fibre). The scale bar shown on the rlght is lum,
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F;gure 1.4 Equivalent diameter hlstograms*ior the number of
f1bres 1n (A) a control sural and med1a1 g strocnem1us (MG)
nerves and (B) experimental nerves from an anlmal studied
203 days‘after ligation. Theytotal»ﬁumber (N) of f1bresﬂ1n

each nerve is indicated.
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than 200 days aftet ligation as gescribed previously.
;
Nerves that had increased numbers of small myel?nated
tibres indicative of sprouts growing centrally were
excluded (Scadding & Thomas 1983).'Th§ relative 'absence
of large fibres was not due to a loss of fibres but to
atrophy t6 smaller values. Values for f;bges examined
2-3 cm. proximal to the recording site did not differ
significantly from the segments examined distally for
the nerves included: | &
Because the‘bimodql character of the distribufion
was soon lost during atrophy, the relative changes in
small and large fibres wére difficult to determine f;om
convehtional histograms. There was;also considefable
variability among the nerves. The résults were therefore
grouped into four categories as follows:
1. control ' |
2. early experimental (29-71 days after ligation - 3
animals) _ | ) |
3. middle experimental (105-150 days after;ligatation -
4 aniﬁals) | |
4. late expékimental (198-21;fdaYS after ligation - 5
‘animals). | |
Average cumulative histograms were plotted fo;’all the
. nerves (3-5) in any one group and are shown in-figure
| 1.5. For example, if two ﬁerves had 50% and'6d% of the

fibres less than or equal to 8um in total diameter,

_their average value of 55% would be plotted in-figure
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1.5 for a diameter of 8um. The use of a iogaritbmic
scale in thts figure results in e shift (to the left) of
the curve an equal amount when all the fibres atrophy by
equal proportions (i.e,, reduction from 20um to 10um
Would produte the same shift as a reduction from 10um to
Sum) . The control netves (x) in each part of figure i.s
are the contralateral nerves from the same cats from
which the exper1mental nerves were‘taken. In the early
period (V) little atrophy is evident, although the
diameters have shifted a few percent.“At%ophy in all
fibre.groups'was seen in the middle and later periods,
but still repreSents a final change of 26% to 30%.

The éhanges in conduction velocity for these nerves
measuted by Milner & Stein-(1981) showed much larger
shifts for all fibre.grdups when plotted in the samel
manner (see figdre 1.7 beldw)f Since,there appeared to
be relatively greater atrophy of the axon than of the
.Qhole fibre, mote detailed measurements were m:ge from
electron micrographs, and further comparisons made
between the conduction veiocity changes and changes in
axonal size (croﬁs-sectiohal a:ee/g;dfvolume).

Axon Size and Total Fibre_size

From electron micrographs the inner (axon)
perlmeter and the outer (total fibre: axon + mye11n)

‘ perimeter wvere traced and the coordlnates automatlcaily

- entered 1nt9 a computer (See methods). Variability of

" repeated measurements was less than 2% and measurements
}
iv\ .
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.F1gure 1.5 Cumulat1ve flbre hlstograms giving the percentage
‘of flbres less than or equal to the equ1valent dlameters

1nd1cated for control nerves and nerves grouped accord1ng to

'tlme‘periods after lmgatlon as indicated. Bach cumulatlve
'vhistbgram is the average obtained for 27~ 5 nerves. Note
that fibre dlameters are plotted on a logar1thm1c scale so

that the hlstograms would shift unlformly to the left 1f

Q

~all f:bres atrophled to the same relatxve extent FurtherQP‘
' deta11§ 1n‘the text.



- of perlmeter and subsequent calculat10n5 of areas and
‘;myelln thlckness agreed to w1th1n 2% or better when
‘compared WIth hlrect measurements of mvelln thlckness
tThe area w1th1n each perlmeter was calculated together
le1th the equ1valent axon and flbre dlameters. Since. the.
,experlmental nerves ar'e qu1te 1rregular and nonc1rcular
”(see for example the large sural nerve flbres 1n figure
.2 and 13), the equlvalent dlameter was. taken to be , ’
the dlameter of a circle hav1ng “the same ‘cross- sectlonal
;area B
| The relatlonshlps between axon d1ameter and flbre
dlameter are plotted 'in. flgure 1 6 for control nerve§
and nerves after mlddle and later perlods of atrophy
. Although there is some scatter in the measurements,vthe"
data are all f1tted by stralght llnes by least mean.
"squares cr1ter1a The slope of “the f1tted llnes e r'h
decrease§ as the t1me follow1ng llgatlon 1ncreases. The
_slope of the control sural nerve in (a) is 0 66 and in
(c) is 0.17. The slopes of the llnes for the MG nerve
decreaSe fromﬂO 7 in (A) to O. 41 in ( ). Thus,.forva
'.élbre”31ameter of 8 um, the axon in a control sural
nerve would have a dlameter of 4 5 um but only about 2
pm durlng a later perlod of atrophy. The changes wereu
‘somewhat less in the MG nerve, consistent w1th the less
lextreme atrophy noted in the light m1crographs
‘The fltted stralght llnes also offer a means qf
conVertlng qhe fibre drameter h1stograms of flgure 1.4

A

\\ )

-
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 SURAL NERVE S MG NERVE
v ' A) cqnirol

Axon diomater (umd .

feta]'?fbhe 6Iometeﬁ;(ph)“*f
| ' R B o
'rFlgure v .6 Equ1va1ent axon dlameter is lznearly related"to,
equ1va1ent flbre (axon + myelln) dlameter 1n A) control
nerves and at var1ous per;ods ?gger llgatlon (B and C)
the slepe of.the straiéhtsline decreases during atrophy. The
symbols are the same as'in Fig. 1.5. The straight lines were
calculated from the standard methods for least mean square
dev1at10n and had the follow1ng slopes (and standard errors)
for the sural nerves A) 0. 66 £ 0. 02, B) O 31 i 0.02, and c)-

A 0. 17 t 0 03, ana the MG nerves A) 0.70 ¢ 0,03, B) 0.51 ¢
0 06 c) o 41 % 0.02. '

CANN



,to corresponding axonrdfameter histograms..In figure 1.7

(A) the cumulatlve flbre d1ameter hlstograms are

i

replotted for control (x) nerves and nerves after mlddle

L (<3) or later (A) per1ods of atrophy. (Note the change

in - scale between flgures 7 (a), (B) and (C) In flgure
7 (B) cumulatlve axon dlameter h1stograms are- shown
after convertlng from flbre dlameter to axon dlameteryk

u51ng the slopes of the f1tted stralght llnes 1n flgure

“4

L

)

1.6.‘A-much,greater.relatlye Shlft (atrophy) is seén 1n rvf

axon diameter than in fibre diameter. = <

s

1.2:2. 2‘Relation Between Atrophyvand Conduction Velocity

The cumulatlve conductlon veloc1ty dlStflbUthﬂS‘

‘arevplotted 1n-Flg 7 (C): correspondlng to the flbre"‘

'vatrOphy' (Detalls of the determlnatlon of conductlon-

£

r Veloc1ty are prov1ded in- Mllner & Stein, ') In thls,

graph 1t can-me seen, for example that whlle only 20%
of the flbres in the control sjial nerve had conductlonw
veloc1t1es equal to or below 20 m/sec bv the late
perlod of atrophy (over 200 days) 50% of the f1bres hadf

onductlon veloc1t1es at or below 20 m/sec. (Conductlon‘

aveloc1ty has been computed separately for motor and

sensory.flbres. In order to compare the conductlon

"veloc1ty and flbre dlameter hlstograms,vlt‘was assumed

3

that 45% of the flbres in the ‘MG nerve are sensory (Boyd

&'Davey 1968) and the veloc1t1es of sensory and motor:

comblned on thlS ba51s) A correspondlng 10 fold range

of values. has been used for the axon dlameter f1bre

o]

o

PRI
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F1gure. 7 Cumulat1ve hlstograms glv1ng the percentage of

sural and MG nerve flbres hav1ng A) equ1va1ent }1bre‘-

dnameters,vB) equ1valent axon dxameters and c) conductlon
velocxtnes less than Or equal to the values 1nd1cated The_
data in A) are the same as 1n F1g j 4 wh:le the data 1n B)

have bqi. transformed u51ng the relat1onsh1ps between axon.

»and flbre dlameters shown 1n F19v 1.6. Note that dlfferent

dlameter scales used in A) and B), but that a.lO-fold range

of values is shown on logarlthmlc scales in. all parts of the

Flgure for ease of comparlson The different symbols are for

control nerves (x) and for nerves studled durlng m1ddle (<>)7

itd

:andvlate (A) perlods‘of atrophy, as in the p;ev1ous Figures.
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"dlameter and conductlonvveloc1ty, S0 Ehat the data can‘a
wbe dlrectly compared as shown in flgure 1. 7 (A),.(B) and._
{C). It is clear that the change 1n conductlon veloc1ty
_1s‘con51derably greater than the change 1n the f1bre

dezameter of the nerves, and 51m11ar to the change 1nAf

Faxon dLameter,

_?‘1 2.2. 3 The Myelln Sheath |
H , Slnce both 1ncrea5es and decreases 1n the‘thicknesst
of the myel1n sheath durlng atrophy have been reported
i(see the 1ntroduct10n) we wrshed to test the null
jhypothe51s that no change occurs ‘in the number of turns'
5gof myelln (1 e. the thlckness of the sheath) or 1n the
length of each turn./The lengths of the 1nnermost and
' outermost turns are ava11able from the perlmeter *M _
:lmeasurements made on the electron mlcrographs at
1magn1f1catlons of >5000x\(see f1gurei1;3); The average
_thlckness can be ea51ly compgtgd’from ‘the d1fference
between these inner and outer perlmeters (see methods
pand the append1x) From measurements made on the if
‘electron mlcrographs the myelin’ thlckness of the f1b;es
'ebls plotted agalnst the flbre perlmeter of bhe control
nerves-and nerves after mlddle (4) or late (V) perlods
' fof atrophy~1n flgure 1.8. Arbuthbott et al (1980) E
reported a logar1thm1c relat1onsh1p betueen myel1n
thlckness and perlmeter so a logarlthmlc scale has been

used in plottlng perlmeter measurements. The relatlvely

'llnear relatlonshlps in the sem1logar1thm1c plots for
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F1gure 1.8 Myelln thlckness.m varies approx1mately as the
logar:thm of the outer (myelln) perlmeter (S) for (A)

' eontrol nerVes angd. at varlous stages of atrophy (B) and (C)'
The slopes of the fltted l1nes did not. show any
stat1st1cally szgnlfzcant changes over the entlre perlod
stud1ed or: between the two nerves (c. f Fig;k 6) The slope
of the control MG line is 3,08 3 19 (p 0.92) and theﬁslope
of - the control sural line is 2 74 + 0.21 (p=0.9l) The time

per1ods are %s def1ned 1n F1g 1.5.
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the coritrol data oonfirmrthe earlier‘results.
Furthermore,’ the relationship appears to hold out to'the
'10ngest perioa of atrophy studied,'There“is’no’ohvlous |
,oeorease'invslope.‘ f
‘1 2 2 4 The fatlo g
Another parameter of interest is the ratio g of

inner per;meter to outer perlmeter; Fo; a c1rcle the -
ratlo-g measured from‘perimeters would be thehSame as-
the ratio d/D of axon and flbre dlameters.bsince the
. axon atrophles substantlally for a g1ven flbre dlameteri
b(figure 1.6) the rat1o’g'measured from perimeters would
decllne a similar amount if the axons remained |
relatlvely circular and the myel1n got thlcker to f1ll
ln the. space vacated by the axon. Th1s is clearly not
‘the case as ;shown 1in flgure 1.9.

| Arbuthnott et al (1980) found that the myel1n was
relatively thinner for'thé°largest fibres (1fe.‘the‘
ratio g was increased). Although there is a w1der
scatter of values for small compared to large flbeS?
our data show values of g near 0.6 for all 51zes of
flbres at all stages. of atrophy The value of 0.6 is of
1nterest since it is the value which Rushton (1951)
calculated theoretically. to o'pti_miz’eveonduc’i‘on of nerve
impulses for a circular fibre of a given total diameter;
- Low values.oflg occurring for the_late sural nerves are‘
‘theé result of measurements‘of axon perimeters in fibres

which were so nearly completely closed that their inner
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1.9 Most fibres have a ratic of inner {axon) to outer

(g = S/;) ci1ose to 0.6 in (A) control

" nerves and nerves at various périéds of atrophy (B) and (C).’

The scatter of values tends to be greater for small fibres

and after long periods of atrophy owing to maskingxofﬂthe

perimeter when fibres are nearly completely closed. The time

" periods are as defined in Fig.1.5.



(axon) perimeters were pressed together’and therefore
more oifficolt to trace-accuretelyi .
Another possibility is segmental demyelinatioq“bht
‘1n th;e tase ‘the values of g should apprbach 1, which
was not observed. Thus, these measuremenﬂs of myelin
thickness and the ratio g are con51stent with the null
lhypothesis that there are no substantial morphometric
ehanges in the myelin except ‘perhaps for those few
fibres shOwinglthe most extreme degree‘of.atrophy.
1.2.2.5 Non-circularity

Arbuthnott et al (1980) foundbthat nerve axod; are
normally non-circular and prov1ded a normallzed 1ndex of
c1rcular1ty,:wh1ch can be applied to axons or f1bres’
(axon + myelin), a; indicated in the Methods; Our
average values for the circularity of control fibres
were‘all:between Q.7 and 0.8 a; shown in ‘figure 1.10
lwhile the circularity 6f control gxons was about 0.2
'loﬁer for lerge and small fibres; The circularity
decreases steadily .with time after nerve ligation S0
that the averageAvalues are hear 013ffor axons after'the
.longest perlods of atrophy These values for control
fibres ‘are lower ‘than the values of 0.80 for large
fibres and 0.77 for small fibres reported by Arbuthnott’
et al (1980), who had excluded axons sectioned in
para-nodal regions or at Schmitt—Lantermann clefts.

Correction of our measurements for control nerves brings

‘the circularity of large fibres in MG‘nerve from 0.78 to

L]
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Figure. 1.10 The circularity of axons and fibres (axon +

s
4my§1in) in sural and MG nerves decreases steadily with time
after nerves are ligated. No major differences in the
circularity of large (xy+),and_small (a,<>) fibres were seen
at'ahyvtimé period, but the circularity of the axons was B
. E

always Tess than that of the fibres. (Error bars fall within

the symbols).
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0.92 and that of small fibres from 0.71 to 0.84. Since
so many of the atrophiéd fibneé had the same appearance
as normal fibres at nodes and’Schmitt—Lantermann éleftS‘

-

this correctipn cannot be made for the experimental

v

nerves. For comparison see figure 1.12 (C) (and the
appendix) which shows an axon with the.lohg axis 2.5
times loﬁéer than_tﬁe short axis. This Fep:esents'an\
index of circularity of 0.76.‘ |

‘Thus these measurements of myelin thickness and the -
ratio g confirm that although the axons become
increaSingly non-circular, and the axon shrinks, there
are minimal morphometric changes in the myelin sheath

°

during the atrophy of peripheral herves.

1.2.2.6 Compufed Conduction Velocity . |
Changes infconduction velocity were calculated
based oh the Frankenhaeuser;Huxley equations for frog
Nédes of Ranvier (see Methods).mAltthgh‘there are
important differences between frog nédes and mammalian
nodes (Ritchie 5579; Chiu & Ritchie 1980), analogous
éauatiéns are not available for;mammalian noaes. Changes
in axoplasmic resiétance éuch as would occur during
atrophy vere entered éhd_the action potentials computed
for the fifth (of ten) nodes as shown in figure 1.11
(A). A wide variation in axoplasmic re;istance or
equivalent axon diameter had relatively little effect on

\ the size or duration of the spike, but produced a marked-

increase in the time for the action poteﬁtial



Fzgure 1.11 (A) Actlon potentxals computed from the | |
' q;ankenhaeuser Huxley equations for a frog myelinated fibre.
AS a:bplasmxc re;1stance per unit length of cable is
‘increased (resulting from atrophy of the axon), the time to
conductrto the fifth node (whose action ﬁotenﬁials are shown
here) slows markedly. From left to right the values 3% -
,axoplasmlc reésistance are 1, 4, 6 and 8 times the standard
values (see Methods), ‘corresponding to a decrease in
equivalenl axon diameter to 1, 0.5,:0. 41 and 0. '35 times the
standard value of 10.5 um For smaller values of diameter
(higher axoplasmic reszstances) conduction failed
altogether. Note the slow depolarization whzch just’ reaches
threshold for the action potential on the far right of. (A)
(B) The conductzon veloc1ty of the action potent1als shown
in (A) varles approxlmately llnearly with the equ1valent
axon d1ameter§¢x) or fibre (axon + myelin) dlameter (=).
However, a three- fold change in conductlon velocity (from 15
to 5 m/s) is assoc1ated with about a t;e fold change in axon
diameter, but less than an 20%§§hange in fzbre diameter
(from 13 to 11 um). The y-intercept of the line for the
relation of eonduetion velocity to axon diemeter d is 2.3 um

while the y-intercept for the outer fibre diameter D is 10.4
) _
\,A

L oum,
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»tto propagate to ¢hls p01nt in the flbre As'the

axoplasmlc re51stance increases 1t becomes more
R
dlfflcult ior the actlon potentlal to spread along the

'membrane and w1th the hlghest value shown the voltage
jUSt reaches threshold Conduca1on failed when' the‘
axoplasmlc re51stance was . 1ncreased to more thanvé.tlmes
. the standard value, Although nodal membrane properties
(were assumed tovremaln unchanged conduetlon veloEity is
relatrvely 1nsen51t1ve to nodal propertres-as,eomgared
to 1nternodal propertles (Boyd 1964 1966.) . lf there’
'were segmental demyellnatlon the above calculatlons
hwould not apply (Koles & Rasm1nsky 1972)
| Condpctlon veloc1ty was computed from the

‘,propagatlon t1me between nodes (see Methods) and the

‘observed values are plotted for dlfferent values of the

' hequ1valent axon diameter d eq and flbre dlameter D eqg-

(Fig. 1.11 B). Ifvconductlonwveloc1ty~changed .'j:_f‘
Droportlonally w1th egu1valent dlameter a stra1ght line -
.through the origin would result Although nelther fltted
v‘stralght 11ne goes prec1sely through the or1g1n the
‘appnox1mat10n is much better for the axon- dlameter d
than the fibre dlameter D (the 1ntercegt on-the yfaxls
yis(lO 4'um'for D and only 2.3 um fdr"d)%’Thus,‘ -
functional changes should be mcre nearly correlated w1th

changes in- axon dlameter than total f1bre d1ag§%er§ as

found experlmentally.;



'u;must be,

1.2.3 Discussion -

i

'1971 Dyck et al 1980; 1981) . Thus, the changes that

a1, -

These results rndlcate clearly that measurements of

/._

outer flbre dlameter underestlmate the changes 1n flbre‘

morphology and the ablllty o axons to conduct actlon

'potentlals wh1ch take place d r1ng atrophy As the axons .

became ‘more shrunken w1th t1me after l1gat1ng a nerve, the

f»lntact tube formed by the Schwa n cell and myelln appeardd5

: merely to collapse 1nward (Causey 1948; Spencer & L'eberman'

'~place 1n flbre d1ameter were much less than those occurr'ng,

i

~in axon dlameter (Flg 1 6) The conductlon veloc1ty of the

‘nerve flbres was related more closely to axon dlameter than
vtotal flbre dlameter durlng the . course of atrophy In order

;therefore to determlne the functlonal effects of nerve-

atrophy from anatomlcal measurements, electron mlcroscopy

‘ed to measure ‘axon size accurately.*r

Early work US1ng llght mlcrographs was 1nconclu51ve as

‘fto whether the myelln thlckness 1ncreased or decreased

.d! .

‘durlng atrophy of €ﬁe axon! (see Introductlon) Fz/m the .

’present measurements from electron m1crographs, there is no

s

vwev%gehce that the myelln changes 1n average thlckness

‘iiFgg 1.8) desplte the substantlal surface changes (Spencer &

Lleberman 1971-’Dyck et al 1981) Furthermore, the |
relatlonshlp between 1nner (axon) perlmeter and outer
(myelln) perlmeter remalned unchanged The data suggest that

e
these parameters and relatlonshlps are qu1te 1nsen51t1ve1to-”"

the gross morphologlcal changes taking. place 1n!the;ax0naaf

) // ) . . . N i ) .
/ . . .
S . . : : . b
s
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geometry..

How'can the‘myelin thlckness‘(or the number ofrturns)

and'the‘perimeterf(or the'length'ofiindividual'tUrns) remaln.
sinvariant- w1thout buckl1ng and separatlng from the axon |
'S\dur1nggthe course ofiatrophy In the Appendlx a slmple
3}cheme'is presented in_which 1t‘1syp0551ble for thevaxon(to"

fsappear completely‘wlthout the‘inner perimeter, the>outert

shaoe in Flgure 1. 12 (A) evolves to the Sllt in F1gure l 2'
ia a series of 1ncreaslngly flat shapes of the type.

shovn in Flgure'l 12 (C)

3 /
(F1gure 12vE)). Thus,’there 15 a broad clas'wof

-

:xon could follow durlng atrophy WlthOUt requ1r1ng

A

paths-an

the myelln to alter 1ts thlckpess or perlmeter Only 1n the‘“
\ ;

rterminal st ges of atrophy,- hen the axons show geverej,
' enough 1nfolﬁ1ng to. produce sharp angles, must

reorganlzatloh of the mygdln occur 1n ‘a8 way which w1ll _
A ce e
produce a separatlon 1n the myelln layers Our experlmental‘

o

‘ results strongly support thlS process for atrophy

A further c nsequence oi th%s argumentrls\hhat the axon

2 _f"-,;o ,;

could regrow B 1 s orlglnal size by simply rever51ng the
S A e X
geom%trlc changes \ £ regemeratlon is permitted. Gordon and

Steln (19%2) have r‘cently shown that the size and

COﬂdUCthﬂ veloc1ty/lf axons prox1mal to a- le51on does

: =
return prec1se1y to control levels if and oA, if

\\

L



/

U Fig.liXe ;\myelinated nerve fibre could pass from a circular

._43 o

shape (a) fo‘a slit (B°'no'arob) via 2 serﬁes of llattehed.shépes:

(C) without chang:ng the myel:n th:ckng'; m, the :nner perzmeter
S or the outer‘perzmeter D = outer fzbre dzameter. d = :nner axon

: the Bxon. An,'arb:trar:ly shaped axon . (D) can, be approx:mated by

¢

‘fa po]ygon to & desired degree of accuracy Myelin of constant

tﬁ:ckness m cun then be ]a:a 60vn such that the’ outer per:meter S

is related to the :nﬁer per:meter s by the relat:on S=s5+2 m,

as long as the angles of the polygon are a1l less than » radzans.

]f there are obtuse ang]es.greater than ® r.d)nns (E), then
_mye]xn oi constant thxckness can noe be la:d dosn ‘and the
';re]at:on betveen the 1nner and outer per)meters (s and S). cated
above no longer holds exact]y. See the Append:x for definition of

symbols and 38 ;vation of these relataonshaps.
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regeneration to a su1tab1e end organ occurs (see alsofCragg
f& Thomas-1961) In contrast if the myelln were to expand
land replace the space vacated by the . axon 1t could be much
more dlfflcult for the axon to rega1n 1ts former 51ze

Flnally, because the axon 1s not normally c1rcular it
could hypertrophy so that c1rcu$ar1ty 1ncreases from O 7 or'
€.8 to 1.0, w1thout cau51ng any severe compllcatlons in the
'myelin This also prov1des a margln of safety for the axon
'agalnst osmotlc shock or other local changes and prov1des a
:ratlonale for the normal nonc1rcular1ty of axons. Our ’
_experlmental and theoretlcal results are all con51stent w1th -
a slmple, rever51ble mode of nerve axon atrophy and |
hypertrophy There appears to be no- st1mulus for the myelln'-
to dlslntegrate nor for th% the ‘Schwann cells of the shea h

5

“to separate or d1v1de or tb phagocyt1ze the myelln As an
‘.5§ v‘,q

'7axon loses volume durlng atrophy, tlssue fl%:d pressure

<“"

out51de the myel1n flattens 1t in such a vay that there is Q,
no change 1n the number of turns of myelln or the length of
eeach'turna The axonal conductlon velocity. decreases
,approx1mately in: parallel w1th the decrease in effectlveb
axonal dlameter (but not the external f1bre diameter). va
”regeneratlon occurs,vthe process reverses along a 51m11ar~

‘1geometr1c path to its or1g1nal size or p0551b1y to a more

c1rcular, hypertrophled size.



‘2. THE REINNERVATION OF MUSCLE

Y
‘Q

2. 1 MUSCLE AND MOTOR UNIT PROPERTIES AFTER NON SPECIFIC

REINNERVATION OF FAST AND SLOW MUSCLE

R
/
.
|

2.1.1 Introduction

»

&

2.1.l;l Re- growth of the Nerve‘

| W1th1n a short tlme after nerve 1njury and the
development of the axon reactlon (see page 4y, sproutsh
el o owill begln to grow from the cut end of the proulmal

| ;segment and from the adjacent nodes These are seen ‘to
develop a "growth cone"‘or termlnal swelllng whlch
»precedes the sprout towards the 51te of 1njury and scar‘

formatlon..(Ramonky,Cajalr1928,rYamada 19?1;-Morr1s,
4 Hudson'g”Weade11'1972b) SMorris et al4(l972b)‘described,
'the appearande of a ﬁregeneratlng unlt" comprlsed of an
orlglnal mye11nated‘axon and a number of" 1ts collateral“"
’sprouts closely assoc1ated w1th each other and w1th one
‘1‘or a few Schwann cells all surrounded by a 51ngle basal_
~lam1na. The growing axons and their branches elther"
enter a 51ngle endoneur1al tube or 1ts collateral
sprduts and -are seen to adhere to and grow: along the
'external surface-of a tube,~all surrounded by a basal
lamina. Whlle sprouts are seeéen to d1verge, turn a51de orv
back (Scaddlng & Thomas 1983) and coil to form neuromas,
the major1ty penetrate the scar tissue and: after a delay
”Uof 1-2 days cr0551ng the scar, groj towards their: 4

’

45
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'or1g1nal target tlssue at a constant rate whlch is

| reported to be in the rat 2 3 'mm per day (Grafsteln &
: 4

- McQuarrle 1978) Regenerat1ng axons are seen to branch

durlng the1r progress towards the perlphery (Ca]al 1928;
Eccles & Sherrlngton 1930) Regeneratlng axons that make;
t successful’ contact w1th the perlphery mature and become
rremyellnated enlarglng back tOWards the1r orlglnal 51ze»
(Sanders & Wh1tter1dge 1946; Cragg & Thomas 1961) 1t is
not known’ what proportlon of the multlple sprouts formed

SU]’.‘VIVE .

é;l:er‘Nerve—Muscle Speciflclty"
Among ‘the factors play;ng an 1mportant role in the
achlevement of prec1se, dellcate control of movement are
the spec1f1c locatlon of the motor neuron in the splnal
“vcord (Romanes 1964) the hlghly spec1f1c connectlons
'formed during embryogenesis between motor neurons and’
muscles (Landmesser & Morrls 1975) and the ordered

vrecru1tment of motor neurons durlng the development of

‘muscle contraction (Henneman & Olson 1965) It has been |

shown that durlng development the outgrow1ng axon shows
a high degree of select1v1ty 1n“1ts ch01ce of target
_Axons of motor neurons growlng towards a limb malntaln

their anterior-posterior topographlcal order-(Landmesser

1980) and seldom enter an inap fkf
4‘(Landmesser & Morrls}1£l§g; ThevaSition of the cell
_body in the splnal cord correlates with the site of

termlnatlon of the axon, and it appears that neurons are
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specifiediwith:respect to their pefiphefal,target orior
to outgrowth of the axon (Sperry 1943, cited in Gaze
19743 Lanomessef &»Mofris'1975). |
‘Thelspecificiﬁy conﬁerfed on developing‘cells may
be expressed by chemioal markers.residing in the
"labelled surfacesF of astfocytes or SchwannvcellS'or’
theirvbasal‘laminae (Fallon & Moraff‘1982' Smallheiser, _
Cfain & ﬁeid 19827 by mechan1cal gu1dance by support
cell. membranes (Letourneau 1975) ; or the attract1on'
.towards-a spec1f1c target may come from awtrophlc
Substance released by,the‘ta:get‘cell. It also aopears
that, while mechanical guidance of the growing axons may
play a role, the axon .can actlvely respond to
env1ronmentai cues in seeklng 1ts correct’ termlnatlon
'Ploneer pathflnder cells" have recently been shown in
the grasshopper (Ho é& al 1982 Snipes, Mayes & Freeman
‘,1982- Smalhelser, é;aln & Reid ¢982) which'may play a
'rolevln the spec1f1c1ty shown by the developlng axon by
leading'it;s growth towards}its correct,target.

'fA trophic’substahce necessary .to support the
outgrowth ofﬁaxons of autonomic and dorsal root ganglion
oellsgtandthe.SUrvival of autonomic‘cells in‘the adult
- has been clearly demonstrated (Levi-Montalcini &
Angeletti 1968;'Varon 1975).1This'nerve growth factor is
oﬁnocytosed and retrogradely transporteddgr‘the cell
'(Hendry et al 1974; Staoke;'& Theonen 1975; Schwab &

Theonen 1976).- No corresponding "nerve growth factor"



i
: ’W'ﬁ : | .
has been unequivocally demonstrated for the somatic
cells of the spinal cord .but there is increasing
"~ evidence to suggest that a similar trophic substance is
released from muscle. A non-dialyzable factor from heart
muscle éells supports the survival énd growth of
cultured chick ciliary ganglion cel{i‘(Landmesser;&
Pilar 19765 .and similarly a non—dialyzable substance is
prov1ded by eplthellal cells of mouse submandlbular
(‘gland which supports growth and‘d.anchlng of axons of
‘?chollnerg1c nerves (Coughlin 1875). Cultures of fetal
mouse spinal cord show 1ncreased chollne
acetyl- transfefase (CAT) when co-cultured with skeletal
muscle cells or 1in a medium condltloned by skeletal
muscle cells (Giller et al 1977; reviewed by Varon &
Bnngef1978)rfRiopelle'& Cameron (1982) have recentlf
demo&%trated the presence of a trophlc substance for
alpha motor neurons in culture medlum condltloned by. '
autologous tlSSUeS |

Gu1dance Jf the régeneratlng axon towards its
original target ismthought to be supplied by at least
_two of the same factors - contact guidance énd |
Icheﬁoaffinity..After nerve crush, the fégeneréting.aXons
grow down the endoneurial connective tissue tubes of the
distal segment. In this case théy~growvdbwnvtheir own
endoneurium to the correct target muscle. In the case bf

nerve section the periphery i.e. the muscle and/or the

Schwann cells which are present in the endoneurial tubes

P2
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(Longo & Pénhoét 1974; Smalheiser,Crain & Reid 1982) may
supply a trophic substance to attract .the sprouts }Vagon
'1975{, Howéver; the high degree of embryonic specificity
of neuron fbr mﬁscle fibre can no. longer be seen to act
"~ during fegene;ation, and axons can readily innervate a
foreign muscle without necessarily regréwing to the .

- appropriate .region of the lihb (Gutmann é Young T944;

Weiss & Hoag 1946).

2.1.1.3 Propefties §f Normal Muécle

Cbntr-actile Properties of Muscle. Adult mammalian twiteh
-muscles havé differing contractile characteristics, and
- generally can be categorized as either fast, phasically
acting muscle; or slow, tonically contracting muscles
(Ecéles,‘Eccles & Lundberg 1958; Lewis & Ridgg 1981). At
birthvall musclé fibres in thehéat and rat are slow '.,
(Buller, Eccles &‘Eccles 1960; Brooke, Williamsbn &
Ka£Sér 1971; Hammérbérg & Kellerth 1975; Kugelberg
j976). During the first(fiVe to six weeks 5f,life the
muscles diffefén%iate, contraction times shorten and
fast muscle fibres reach their adﬁlt values of
cqntractién speéd by‘six weeks. There is'then é
prégréssive slowinig of slow muscles over the}follo&ihg
16 to 20 weeks before they attain the contraction speed
of adult muscle (Buller et al f960; Close‘i964; Karpati
& Engel 1967; Brdoke, Williamson & Kaiser 1970;

Kugelberg 1976).
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Spinal motor neurons undergo postnatal
difféfentiat%on into slow and fast»types over the early
weeks of lifo (sato, Mizumol& Konishi 1977), during the
‘time ‘when there is aiso eli%inationfoﬁ polynouronal
innervation of muscle fibros (Bennott & Pettigred 1974;
.Brown, janseh & Van Essen 1976) leaving adult muscle
fibres slow or fast in accordance with the type of
neuron innvervatihg the fibre.

Fibre Composition of Muscle‘Tﬁe enzyme profile of
individual muscle fibfes can be demonstrated by
higstochemical étaining of muscle cross—sections to
idenfify oxidative and glycolytic eniymés, and the
myosin ATPase aCtivity; The myosin ATPases of fast and
slow musole’cén be differentialiy demonsﬁrated by
pre-incubation at acid and alkaliqe pH GCuth & Samaha
1969} 1970).:Adult musciés may be relatively
homogeneous,'containing predominantly one type of.fibre,
or they may be'heterogeneous, made up of a mosaic of
fibré types'(Afiaﬁo et al 1973). Fast contracting (pale)
muscles are generally heterogenous with respect to fibre
composition J;ilé slow ﬁuscles are red and have a more
homdgenous‘fibre‘population; A typically fast muscle -
such as the gastrocnemius oontains a mosaic of fapt,
'slow and intermedfate fibres in both the cat and rat
(Ariano et él 1973) while fhe'slow-postural muscles such
bas soleus tend to have for example, 80% slow fibrés in

the rat (Close 1969) and 100% slow fibres in the cat



&

W

(Ariaho et al 1973). .

-

L3

2.1.1,4 The Motor Unit

-

The concept that the motor unit - "the motof ‘neuron

K
“

and all the muscle fibres innervated by it" is the
functional unit of muscle was first proposed by
.Sherrington (1929). From that time, investigations of
the proﬁertiés of muscle\(reviewed by Close 1972)

expanded to include investigation of the motor unit

: population and the properties of the motor units of

individual muscles (Ecéles & Sherrington 1230; Burke et
"al 1977; Chan et al 1982; Dum et al 5982). Eccles et al
(1958) noted differences between the alpha motor neurons
supplying fast and slow muscles, and subsequent‘research,
‘into the contractile properties of motor units in the

cat (Ecéles et a1}196Q;‘Olson & Swett 1960} Wuerker,
McPhedran & Henneman {965$ Hammarberg & Kellerth 1975),
the rat (Close 1967; Edstrom & Kugelberg 1968) and man
(McComas & Sica 1973) established fhat there are
functional types of motor units (either fast or slow)

and the properties indicated that muscle fibres

. belonging to the motor unit were probably homégeneous in

type (Wuerker, McPhedran & Héhnémah'1965;'Kugelberg
1968). The introduction of histochemical technigues to
identify muscle fibre types (Dubowitz & Pearsé:}960;
Edstrom & Kugelberg 1968;Uquoke & Kaiser 1970)
according to their oxidative enzyme profile and their

-

myosin-ATPase activity'(Stein & Padykula 1962; Guth &

»

[ ¥
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Samaha 1969) was combined with the the application of
the glycogen depletien technique (sfimulation'of a |
single motor nerve fibre until the muscle motor unit
fibres were depleted of stored glycogen and .‘g?
'Ydentification of the muscle fibres of the motor unit by
the perlodlc ac1d SChlff (PAS) reaction) to show that
"the histochemical composition o%)fxbreg in a 51ngle
_motoraunlt was unlform (Edstrom & Kugelberg 1968). The
PAS technique was also used to demonstrate that sibres
of a single motor unit are scattered over 10-30% of the
cgqss-sectionel area of the muscle (Eqgtrom & Rugelbegg
1968) intermingled in a mosaic with fibres of other
motor units. Motor:uhit territories covering 25% of the
area of a muscle were determined'by electrophysioiogicel
‘recording (Buchthal & Rosenfalck 1973; Brandstater_&

Lambert 1973) and Burke & Tsair1s (1973) reported

terrltorles of 40 to 50% of the muscle determaned byé&

electrophysiology and histology.

of motor unit contractile characterlstlcs tend tq 1mply DA

g

that there will be a related group of hlstochemgﬁél ]” i

characterlstlcs (Dubow1tz & Pearse 1960

Kugelberg 1968; Brooke & Kaiser 1970; Petera‘”

Tsairis & Zajac 1973;
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unfortunate outcome of the‘burgeoning work in this fiéid
was some confusion resultlng from mult1ple termlnologleg
(Brooke & Kalser 1969; discussed by Peter.et al 1972),~
the most commonly used be1ng° (a) Type 1 (slow) and Type
.II (fast) (Dubowitz & Pearse 1960), (b) Type I (slow),
Type Ila énd I1I1b (fast-oxidatiVe -glycolytic and
fast-glycolytic)(Brooke & Kaiser 1970), (c) N
intermgaiat?, red and white (Padykula & Gauthier 1966),
(d) type B, C and A (Stein & Padykula 1962), and (e) °
'slow, f.o.g. (fast- oxldatlve glycolyt1c) and f.qg.
(fast-glycolytic), (Peter et al 1972) which correspond
to type S (s;ew) FR (Fast, Fatigue~Resistaﬁt)“and FF
(Fast- Fatlguable) phy51olog1ea1 motor unit types (Burke
et al 1973). |

2.1.1.5'Dénervated Muscle : .
14

There are several”major cbnsequences of denérvétion
of a muscle (rev1ewed bf Thesﬁgff 1934' Harris 1980). e
e Dur1ng the early weeks the muscle flbrlllates and later
g%@s ‘ the:e is gross aErpphy (Fischer 1939; duBo1s & Almon. Q’
| 198i)r Changes in the membrané lead to an increase in °
specific hembrane resistance, (Nichélls 1956), a
decrease in the resfing membrane potential (Stan}ey &

Drachman, 1980) and an increase in extra-junctional

sensityvity to acetylcholine (Kuffler 1943). In time the

,neuromuscular junctions degenerate (Mlled1 &

‘ Slater 1970) The increased ACh sensitivity is due to

the appearance of new receptors outside the original



end plate reg1on (Axelsson & Thesleff 1959 M11ed1
1960) It was suggested that this was a result of the
release of some trophlc substance from the degeneratlng
'nerve (6h‘et\al-1980°.Guth et al 1980) rather than the
loss of a trophlc 1nfluence “from the nerve.’(A trophlc‘
substance present in nerve wh1ch supports muscle cells
has - recently been demonstrated A soluble prote1n
present 1n both normal and degeneratlng per1pheral d;
(sc1at1c) nerves enhanced surv1val and maturatlon of.
| myotubes in culture (Oh et al 1980a and b) and a sc1at1c/
, nerve extract reduced the welght loss in denervated rat
~ muscle (Dav1s & Klernan 1980)). E T ”:/ﬂ
o The contractllelcharacterlst1cs of muscle are alSO‘
altered by denervatlon‘ Muscles showedvﬁncreased time to

P /

peak ten51on, reduced tetanld tension and absolute _
»tw1tch tensxon The tetanic’ ten51on decreased relat1vely
‘more than the twitch ten51on' therefore muscles had an
‘1ncreased tw1tch/tetan1c ratlo (Kean et al 974)

Progre551ve leW1ng of the time to peak and of the

¢

half relaxatlon t1me qf the tw1tch and the relaxatlon of

v

.~-the tetanus of fast muscle was produced by either

denervatlon or 1nact1v1ty after the. appl1catlon of
botullnum tox1n in rat EDL (Drachman and Johnston,?f
1975 Similar changes in cat FDL resulted from
prolonged 1nact1v1ty (sleep) or splnal cord 1solat10d
(Dav1s & Montgomery 1975) Both stud1es reported 51m11ar.

but less’ pronounced changes in the slow soleus.

. - S L - 5,
2
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2.1.1,6 Reinnervation'of Mhsole

Synaptogene51s. Normally 1nnerv1ted ady 'nsoletlaoks.'

extra junctlonal ACh sen51t1v1ty anc‘

¥ not aeceot_

forelgn or supernumerary 1hﬂervat10n'< ansen,et“aliff

1973) Re1nnervat1on of a. denervated muscle reduces the\~'

extrajunctlonal ‘Ach sen51t1v1ty (M11ed1 1960 Bennett, L

_Pett1grew & Taylor 1973) and restores the refractorlness

of the muscle to further synaptogene51s. However,

snelther relnnervatlon at a newly formed end plate‘by a
:orelgn nerve (Gutmann & Hansllkova 1967) nor electr1ca1
st1mulat1on of denerva ed muscle (Jansen et al 1973)
preventsbrelnnervatlon ‘of muscle by 1ts own’ nerve.

' Synaptogene51s durlng re1nnervatlon of a muscle e1ther

by 1ts own or a forel n nerve or as a reSUlt of

lorlntramuscular collat ral sproutlng (Edds 1953) commonly

occurs at the orlglnal end plate 51te (Mlled1 1960,\'> »

»Frank et al 975 B nnett & Raftos 1977 Brown & Ironton
flln the muscle basa lamlna (Sanes et al 1978)

if'Multl-lnnervatlon/durlng relnnervatlon may occur‘
ﬁ'tran51ent1y as a‘result of,elther several axon sprouts

occupy1ng the same endplate or the formatlon of new

end- plates by the foreigd nerve %Frank et al 1975'
Bennett & Raftos 1977). The return of the orlglnal nerve

to the myoflbres normallg causes suppress1on or.

vellmlnatlon Qf the foreign synaﬁses w1th1n a few weeks.,;

@ i A

(Ben01t & - Changeux 1978 Brown & &ronton 1978) However

&.;u.’ T R

w

‘1978) where at lea t some: of the cues to the axon re51def

Umo
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lFrank et al (1975) were able to demonskrate per51st1ng
forelgn 1nnervatlon of ‘rat soleus muscb@ ooth on .
wldely separated end plates and as dually 1nnervated
orlglnal end plates after relnnervatlon of the muscle by:
1ts own nerve. The returnlng orlglnal nerve dlsplayed "oe

blllty to suppress the forelgn synapses in that ‘
1nstance._fe- B R '_ % o - -
2,111.7,T e Effect of Reinnervation or Acaivity on -
,Muscle Propertles l 'V_“k S ‘np bd: | '1\

. It was noted by Flscher (1939) that the atrophy’ and
changes in exc1tab111ty caused by denervatlon of muscle
.could be retarded by stlmulatlon of muscle.lLater
experlments (L¢mo & Rosenthal 1972). revealed that
: atrophy 51m1la; bo that caused by denervatlon could berb.
'AprodUCed by muscle 1nact1v1ty produced by’ blockade of

the nerve w1th anaesthetlc orﬂilphtherla tozln 4and that

“ o m ¥

- ‘suc] ‘blockade caused the entire muscﬁs membrane to 7-"

~bec me sen51t1vé to 1ontophoret1cal~y appl1ed

., extrajunct onal senSAt;vlty‘of denervated muscle
'-hembrane. The effectiveness_ofothé stimulation was
related to the pattern and amOuntxof”stim&iatiom. Highery.
fréhuenc1 s and amounts of st1mulatlon were more‘
effectlve‘than slower less frequent st1mu11' The
1ncrease_1n Sen51t1v1ty could be prevented by chronlc

st1mu1a71on of the nerve dlstal to the block when



o
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neuromuscular transmission remalned un1mpa1red

i
[

I . .
‘Drachman .and ‘Johnston (1975) showed that
'denervation and-inactivity caused sxm;lar progressive

j slow1ng of muscle. It‘was\subseQUently shown by

.Herblson Jaweed & Dltunno (1981) that jmﬁhyf-i--~
e .‘I \.: /\ \’\' -

V
: denervat1on evoked changes 1ﬁ'muscle contractlle- -

proper&les were reversed by relnnervatlon and by muscle

act1v1ty

9

Vrbova (1963) fOLnd that ‘the 1mpulse act1v1ty of

N

motor neurons affected the speed‘of contractlon of
strlated muscle. ChrOﬂlC low frequency long- term
stlmulatlon has been shown to cause a fast muscle to
.become 1ndlst1ngu1shable from slow muscle by a number of
'phy51ologlcal blochemlcal and hlstochemlcal cr1ter1a
-I(Lomo'& Westgaard 1975 Salmons & Sreter 1976 Jaweed
Herblson & Dltunno 1982) Long term pha51c stlmulatlon
at slow frequenC1es (2.5 Hz) w111 also effect fast to~

,slow transformatlon of fast muscle (Sreter et al 1982)

i

sUggestlng that muscle fibre transformatlon depends not :

.7"

only on the pattern of stlmulatlon but also on the totaP fﬁ

4

amount of activity. The effectsvoﬁ chron;c-fast» s

4

'stimulation on slow~musc1e flbre is less'wellb
establlshed (Lomo ‘et al 1980)7 bq& clearly the pattern of

‘ act1v1ty 1nfluences the chaﬁ es observed

o 't"g'
o

2.1.1. 8 Cross Innervatlon Between Fast and Slow Muscles fr@d

Although denervated muscle w;lLfaccept _ | "l”ﬁ“lrm?fﬁ°

o . i ,‘tj_f

_reinnervatlon by its own and other motor fibres, it has
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been shown that sensory nerve f1bres cannot establlsh
funcﬂlonal contact w1th muscle f1bres (Gutmann 1945
WelSS & Edds 1945) Relnnervatlon of muscle by a forelgn
nerve. does not alter the propertles of the, motor

neurons, (Sperry 1941- ‘Buller, Eccles & Eccles 1960

v
LR

*aECCleS et al 1962' Kuno et al 1974) nor is there

R

reorganlzatlon of the afferent connectlons of the motor
“J

neuron pool (Sperry \941 Buller, Eccles & Eccles 1960;

Mendell & Scott 1975) . E o

by

o Croéséunlon 'of the nerves of. fast and slow muscles

changes s%%e of the propertles of the muscles. The

i . _ ; . R S
,contractlle speeds are altered-ln such a way that when a

ot « S
"fast muscle nerve<1nnervates a slow muscle the muscle

becdmes faster and a slow muscle nerve 1nnervat1ng fast

‘ muscle causes the muscle to- become slower (Buller,,

Eccles &fEccles 1960 Close 1965,_}969, Dubow1tz 1967).
The;slow’mnscle 1s\more.re51stant to’change than the
“.fast‘(Buller;Et al 1960; Dubowntz 1967) |
@k_%J The enzyme oroflle of Cross- 1nnervated muscle is .
altered (Romanul & V;n Der Meulen 1966- Yellln 1967
Essen Jansson et'al 1975) followed by alterat1ons ‘in
theamy051n molecule (Barany & Close 1971; Re1chmann et

. My051n ATPase was found to contaln both

fast and slow type 1lght chains w1th1n a 51ngle flbre
(Sreter et al 1980; Gauthier et al 1983).
,Cross—lnneryated‘muscle also shows a reorganization of

motor unitvfigre distribution (Kugelberg 1973).

e

For
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‘”Hlstochemlcal enzyme sta1n1ng may show "type gouplng in

Y\whlch flbres of the same hlstochemlcal type and of the
same motor un1t are found 1n a large "clump (Yell;n
1967 Karpati & Engel 1968a;\Kugelberg,fEdstrom &:
f"Abbruzzese 1970) . SomedulstrastrUCtural'parameters which
can be used to d1scr1m1nate between fast and slow muscle .
(Eisenberg & Kuda 1976; Ber;nger 1976 Elllsman et al
1976) were altered in'musCIe in‘accordance wlth‘alteredm.'
innervation (Ellismar’et al 1978). -

- .,3_', -

2.1.1.9 CompetitionRBetween‘Nerve and Mpscle Fibres
During Relnnervat1on fv‘-l . | |

The plasticity of muscle flbres after re1nnervat10n
" demonstrates that muscle f1bres accept,lnneﬁyatlon by
,_'nerves of a different type than theirjown original
'inerveQ Early experiments 1n Wthh cross 1nnervatlon of
_fast and ‘slow. muscle and/or electrlcal st1mulat1on
caused changfs in muscle propertles led to the’
conclu51on that the trophlc 1nfluence of the ner&e
controlled many of the propert1es of the muscle flbre

&
(Buller Eccles & Eccles 1960) Later experlments

attempted to determlne whether muscle flbres would be
preferentlally reinnervated by thelr own or1g1nal type
of nerve flbre (Weiss & Hoag 1946; Bernsteln & Guth
H“‘1961 M11ed1 & Stefan1 1969 Hoh 1975). Conclusions-of
these experlments were that nerve-muscle spec1f1c1ty d1d
‘not act to control the process‘of reinnegvation ofl

'Ju; . N
_ muscle. The next two chapters wﬁll d ] periments
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which examined in more detail the exact innervation of

individual muscles éndfghe propérties‘o£ the muscles and

» o . v - - s . ]
or unit population after reinnervation by a

nerve whi¢h allowed competition between the muscles! own

,

#riginal motor 'axons and axons of the opposite type.
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2.2 RANDOM REINNERVATION OF SPW AND FAST MUSCLE

2.2.1 Introduction

a

Recovery of efficient motor control follow1ng nerve

1n]ury would be greatly enhanced if it were p0551ble to
e
' red1re€tz¢row1ng axons to the1r orlglnal target. In view of

.(w:

the mode of growth of regemeratlng axons down pre- ex1st1ng

" endoneurial tubes, "the establlshment of *correct connectlons

- would be- dependent on. axons enter1ng their former pathways
If axons 1ndlscr1m1nately enter any available endoneur1a1
tube encountered by the growth cone, then in order to
achieve correct re1nnervat1on muscles cells must’reta1n some.
kind of 1dent1ty that 1s recognlzable by ‘the nerve, or the
muscle must reject 1nappropr1ate synapses. The problem of
correct reinnervation is particularly severe when injury has
damaged a large nerve trunh In the limbs, denervating many
‘muscles.
hDuring embryogenesis notor neurons and muscles develop
highly specific connections based on the position of the
~neuron in the neuraxls, environmental cues and contact
_guidance of the developing axon,:and possibly.a biochemical
'identity4for both cells (reviewed by Landmesser 1980). Early
experiments attempted to demonstrate whether nerve-muscle
specificity could still act in the adult to ensure correct
" reinnervation of muscles by their former nerves after

injury. Offerlng all the axons of a nerve trunk to all the

denervated muscles of the 11mb distal to a nerve cut and
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repair (Sperry 1941; Weiss & Hoag 1946-'Bernstein'&.Guth
1961) resembled the situation caUSed by 1n]ury to a largel
nerve trunk, Results from this early work were not
epnclusive and did not provide information on the
characteristics ef_the muscles before and after
reinnervation. It was diffieult to glean much information
regafaing which akons innervated which muscles or.to
determine Whether fast and slow muscle fibres were
p;eferentially reinnervated by fast and slow nerve fibres
respectively. Although some investigatprs concluded that
muscles showed no preference for Rheirboriginal nerve (Weiss
& Hoag 1946* Bernsteine& Gutb 196fb Miledi‘& Stefani 1969),
exper1ments in whlch'a fast muscle was reinnervated while
hav1pg a choice between fest and slow nerve fibres indicated
that fast.muscle appeared to show g‘pr@ferende for fast

" nerve (Hoh 1975).

Cross-innervation experlments demonstrated that adult
mammalian muscle can readily be 1nnervated by foreign nerves
(Buller, Eccles & Eccles 1960; Yellln 1967) and some muscle
properties may be altered under thevinfluence of the nefve.
However in cross-innervation the muscle had only the choice

between incorrect innervation or none at all;vA simpler and
more netural situation exists where a slow and a fagt muSCIe
are relnnervated by their own or1g1nal common nerve%.vanch

- ff?{w .
In this case the opportunity for- "correct" fast aqﬁ slow

*nerve- muscle choices exists on an equal footlng "with

¢ J,

"incorrect” choices, a and the situation mimics that occurrlng
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during normal nerve repair after injury. If nerves and

myscies have identities, blochemlcal or otherwlse, these

\

"have t“e opportunlty to be expressed in correct matching in

this situation.

‘The fast iateral.gastrochemius (LG) low,. soleus

muscles are innervated in the rat and/cat by a common nerve

tes it. The

branchl}LGS} which enters the LG and\inner
remaining nerve.fibres then paés through LG to innervate
solehs..Cuttlng the LGS nerve and’ allow1ng f£ to relnnervate
the muscles presents the fast ‘LG and slow soleus W1th a
llmlted ch01ce of axons from their own nerve for
reinnervation.

Since. the definition by Sherrington (1929) of the/motor
unit as the functional unit of muscle, whbie muscles can be

characterized not only,by their contractile properties, but

also by means. of a descrlptlon of - the1r motor unit

.population {Close 1965, 1967; Burke et al-1973, Kugelberg

.1973; Edgerton et al 1973).. As there is normally a high

correlation between motor unit contractile'properties (and

‘therefore between motor unit types) and the histochemical

1

profile of muscle fibres (Stein & Padykula 1969; Burke et al

_1970 1973), the histochemical profile can also serve tb

further characterlze individual muscles. iﬁ order to’provide
a more rigorous testlng of the questlon of nerve- muscle'
specificity, the simpler reinnervation paradigm descrlbed
above was used to allow a fast and a slow‘muséle to be

reinnérvated by their own nerve containing both their own



64

and "foreign" axons. The muscles and their motor units were
_characterized by their contractile and histochemical '
properties both before and after reinnervation to determine
more exactly the nature of the changes occurring in the
musoles'of the mature mammal aftet"netve injury. In
addition it was hoped that the degreedto which the neuron
controls muscle properties mlght be clarlfled by comparlson
" of contractile, motor unit and histochemlcal pro;eytles
before and after relnnervatlon |
Specific matching of fast and slow nerve and muscle

fibres was not evident during reinnervation; Fast and slow
nerve fibres were equally successful in both fast and slow
muscle and after reinnervation both muscles contained the
same proportion of fast and slbw fibres. Nevertheless the
two muscles did not become dentlcal Each ‘muscle retalned
some of its original,characteristics and they therefore
‘remained different in some respects. The slow muscle was

slower than the fast muscle after relnnervatlon although it

was faster than a control slow muscle. S1m11arly, although

~the fast muscle was slower than control fast muscle it did

not become as slow as either the control or the reinnervated

slow muscle. The relaxation phase of the fast mpscle and the
contfaction'phase of the slow muscle were most affected.
Changes in the contraction and relaxation phases”of muscle
contraction can be attributed to an altered proportion .of

motor units in relnnervated muscle and the altered motor

unit composition is reflected in the altered shape of the
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twitch contraction record.

This“chapter %eports’the results of the physiological
study of the contractile characteristics of rhe control and .
reinnervated muscles, and of their motor unit oopulations.
The histochemical study and the comparison of histochemical
and motor unit properties will be!reported in the next

chapter. 7

2.2.2 Methods
The lateral gastroonemius—soleUS (LGS) nerve was cut

'before its enrry into the lateral gastrocnemius (LG) muscle

in 20 male and female Sprague—Daﬁley rats (175 to 200 grams)
| under Nembutal anaesthesia (60 mg/kg) and_aseptic-
conditions. The nerve was sewn to the dorsal surface of LG .
After four to fourteen months the ‘animals, (now welgh1ng 366
to 500 grams) were agaln anaesthetlsed with an initial dose
;of Ketamine (100 mg/kg) followed by Nembutal (20 mg/kg)
intraperftoneally. Anaesthes1a was maln;alnedv§1th
intravenous yembutal (20 mg/kg) as neqessary and‘theiblood
pressure was monitored through an arterial‘cannula. Both
hind legs were'prepared for observation by denervation of
"all muscles except the LG and soleus, and the tendons of’
these two muscles were tied separately with surgical .
- Mersilene (guage O), A lamlnectomy was performed and the
ventral roots of L, and Ls.were separated from the cord and
" prepared. for stfmulation by division in§§¥fif;;€?ts. |

Filaments were subdivided until a single a-motor axon
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isolated Stimulation at low (near threshold) voltage
produced and all-or-none response which did not change ﬁhen
the voltage was 1ncreased to 4 or 5x threshold. The EMG also
remained unchanged at increased voltage, conflrmlng act1v1ty
of a single motor unit. '

The animal was placed in-a prone p051tion on a heating
.pad oh a steel plate and the distal femur and calcaneus were
secured with metal pins. The tendons of LG and Soleus were
freed and the mer51lene thread on each tied 'to

X . . . .
force-displacement transducers (Grass FTO3C or FTO3B). The

skin around the incisions of the spinal cord and the legs

was drawn up and a paraffin pool kept around the spinal cord

and the leg muscles. Spinal and rectal temperatures were
qaintained at 36-38°C., The contraction time found for the
‘rat soleus muscle is considerably longer than the .
contraction time recorted by Close (1967). In our
preparation, although the spinal cord and' rectal
temperatures of thelrat'remained at 37°C, the leg musclee
were at 28-30°C." The Qo for the contraction time of muscle
is ~2.5 (Stein, Gordon & Shriver 1982). A temperature |
fcorrection brings our values for whole muscle into agreement
Ahw1th thelr and%995< The range of motor unit contraction

times and tensions agrees w1th those reported by Close

(19677 and ‘Andrews & Part (1972), who reported a range of -

J 20 45 msec for motor unit twitch _contraction time. The

electromyogram (EMG) of the muscles-was recorded by two fine

;
T

supplying a 51ngle motor unit in either LG or soleus was Oy

R,
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(75 um) silver yires %nserted into the-belly of the LG and

' wEOleus muscles. The lé%@th of each Mhscle was adjusted to
give ﬁeximum‘twitch force in response to aQSinglefeouare.
wave pulse of 041 mseo duratlon and amplitude 2 tlmes Cp

threshols applied to the nJ&ve One h1nd lxmb in e1ght

)

control animals of comparable age and weight we

' szm1l¢rly
prepared for study of the motor unit population of theln LG

afld sol muscles. .
. . ‘ , r.
The twitch and tetanic contractions of the whole .

muscles in response to'maximal stimulation of the sciatic

o
..

nerve were recorded in control anlmals and in the

*. X\l« . ]
experlmental and the control contralateral leg of the .
. ’
experlmental anlgmls. The Lu and.Lg ventral: roots on the
%
- Qs1de of thé splﬁal cord supplying the muscles of interest -
,¢

ve @ dfvided 1nto fine f1laments containing only one a- motor

w‘ax n td'allow st1mu1at10n of - 51ngle motor units,

The tw1tch force and E%G after ampllflcatlon were _f>

* »

splaged N a:Tektronlx storage osc1lloscope and dlgltlzed -

l

TSImpltaneously by ah LSI~11 computer (Dlgttal Bqu1pment

i

.

JVCngy, Marlboro, MA) mhe twitch and tetan1c contractions

H

:weré evetaged on-line and the data was stored d1rectly on

>
-

»comphter dlSCS. The contractile characterlst1cs were
\detetmlned from the stored data shown in flgure 2 1,,as

3

follows-'
1;( The contractlon time (CT)1s the time from the beglnnlng
of the rise of'force to peak force of-a S1ngle isometric

twitch at the optimum muscle length;
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iFigure 2. ISOmetrlc force was recorded from lateral

fqas rocnemnus and soleus muscles 1n response to stlmulatzon_ )

of sxngle motor axons 1n th ventral roots or: max1mal

fstlmulatzoﬁ ofrthe motor nerve The followlng parameters

!

'.were automatlcally computed trom averaged records~' (A)

e

"»,tw1tch peak force (mN), contractmn t1me (CT Ly

half contractlon t1me (1/2 CT) and half relaxatlon tlmef

1

,:(1/2 FT) (ms) (B) from the fzrst dszerentlal of the twltch -

'_force trace‘F the normalrzed maxlmum rate of kise of force

-

(s ‘1). and (c) irom the tetanzc contract;on the Beak }\
,tetanrc force, the rxslng rate constant and the decay rater;*

:COnstant (sec =1) (Steln, Gordon & Shrlver 1982)' The tlme
fscale in (C) is»2xvthat 1n"ﬂA) and;(B) The data shown are

v

(RN W . .
mifrom a normél lateral ga;trocnem:ug muscle.,,"

e : . P L
A N .
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'2;91The max1mum force (F) is the peak amplltude of the force

K 0
3trace of a 51ngle 1sometr1c tWItCh.at the optlmum muscle

:length k.\..x‘

3. The half rise. t1me (1/2 RT) 1s the time from the onset

F'of the rise of force for the 1sometr1c tw1tch to rise tO}j‘;

i

50% of the max1mum force'

. a

f;4. lThe half fall time (1/2 FT) is. the t1me requ1red fo%)theiuu

L e ) RO
SR tw1tch ten51on to decay from 1ts peak to halfagﬁs ﬁgh,qfﬁ;;

w

fﬁ;max1mum valueu,,~, ‘ i
:1f1‘$;f The mhx1mum rate of rlse of ten51on durlng a twltch
» ;*contractlon 1s,determ1ned from the peak of the flrst‘sf
| dlfferentIal of the tw1tch curwe,«normallzed by d1;151on
jbj bhe maxlmum tw1tch ten51on (unzts seconds -T);‘
fsm The rls1ng rate constant (RRC) obtalned by f1tt1ng an
| *exponentaal'of the rls;ng phase of the tetanlc o .

‘.Conﬁ’ractlow:j” : VI o ) ﬂ o w i :

G N |
‘3'7;.oThe decay rate constant (DRC) obtalned by f1tt1ng an,

‘exponentlal to a segment of the decax,of the tetanus or

;_the tw1tch , o
oty ' ' v

8. The axrmum tetanlc ten51on was deflned as\the max1mum vffj
| ’ten51on produced\ln response to a tra1n of 20 pulses\ ,
Aglven at-a’ 1nter stlmulus 1nterval of one= thltd of the‘j
4 muscre contractlon t1me (Steln Gordon & Shrzwer 1982)r

The protpcbl used for whole muscle was descrlbed earller by

.“*Gprdoﬁ/& Ste1n (1982) Bfleflyrlforce and EMG were recorded°*g

\\, 1

\

1n response to st1mu11'of 1, 5 and 20 pulses appl1ed at 2x E@Q

threshold voltage to the sc1at1c nerve or to the L. and Ls

e e ; s - v . ,g
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nerve r ots. In order to exam;ne;the popuLatlon of motor
,vﬂv

"unlts,v1nd1v1dual units’ were exam1ned by division. of ventral

;oats into fllaments unt11 stlmulatlon of a- fllament

{
produced a 51ngle all or- none tWItCh response, Wthh

»remalned thq»ﬁame when the voltage was. kept near threshold

).

Increa51ng the voltage to 4 or 5x threshold did not recru1t

,other motor units as 1nd1cated by no increase in: the force

and no change 1n the shape.ofrthe EMG Force and E fin

"-response to 1) 1 pulse; 11) 5 pulses, . 111) 20 pul es - an’

'~unfused tetanus was obtalned by st1mulatlon by 13 20 pulses

"at an’ 1nterst1mu1us 1nterval of - 25x the muscle (or motor

’vun1t) contractlon tlme iv ) 1 pulse 10 gpc.*after the s

_:tetéhus to determlne the presence of post tetan1c'

pdgEntlatlon or. depre551on, v) fatlgue test —‘stlmulatwon by
13 pulses at an 1nter st1mu1u5 1nterval of 25 msec (40 Hz)

-”jiége per second for two mlnutes to determ1ne the'
t

1guab111ty of the muscle flbres (Burke et al 1973)
tetanlc contractlon was recorded at t1me 0 1.and 2 mlnutes
v(see flgure 2. 7) v1) 1 pulse On completlon of the
phy51ologlcal study the control and’ experlmental mu5cle5‘b
were removed from the anlmal welghed and fast frozen in
1;0 pentane in: lquld n1trogen for. hlstochemlcal study .of

the muscle f1bres. The detalls of the hlstochemlcal methods

and ‘the . results w1ll ‘be presented in the next chapter.

N

s &

s

P
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2.2,3 Results e ' vjuv , | 3ly°‘

2.2. 3 1 Contractlle Propertles of Whole Muscleid' e
Typ1cal records of the force development of. the

control and re1nnervated muscles in- response to maxlmal
: i

strmulataon.ofvthe scmatlc nerve are shown 1n
*,Figure 2bé Flgure 2.2 (A) compares the t1me course of °
':the tw1tch contractlons of the fast LG and and slow‘
.hsoleus muscles The control muscles are clearly

dlstlngulshed from each other by the durat1on of - the

o kS

:tw1tch contractlon,,the rate’ of rise of force agﬂ by the

rate of relaxat', ;‘he t1me course of the tw1tch

e .
contractlons of Lrband_soleus,muscles relnnervated.by-
nerve fibres in th

-2 4

2.2 (B) The duratlon of - the

‘cut and sdturedLLGS'nerve_are oy

compar ed %in ‘f igure
% I

contrect1on of thw relnnervated soleus is con51deragly

[

reduced Although here 15 some 1nd10at10n that the

-

relaxatlon phase of'the LG tWItCh 1s prolonged thls

: change appears small |
TWItCh and tetanlc contractlons of control and

"re1nnervated muscles are compared dlrectly ‘on the same
“vaxes for LG in flgure 2 3:(n) and soleus in flgure 2 3
- (B). Relnnervated muscles exerted less. force than the
mcontrols, relnnervated LG hav1ng an average of 45% of

dﬁ@ force of control LG and re1nnervated soleus: hav1ng
Qan ayerage of 61% of the force bf:control.muscles;lI TS
'{ogder to make a d1rect comparlson of: the t1me course of

,;theptwltch and tetan;c contractlons, the forces were

[
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"Flgure 2.2 Twztch contractlons of control LG and soleus

| -
L & S

muscles are shown on -the left and compared wlth the tw1tch

;P- of reznnervated muscles on the r1ght The duratxon of the
T r ‘ _
twltch of control soleus is much longer than that of control

LG muscle. After rexnnervat1on the durat1on of the soleus
2

.tw1tCh is reduced and that of the LG is somewhat prolonged

U R ~ 3 A
B . 1 - N - .

A
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’ F1gure 2.3 The tw1tch pnd tetanlc contract1ons of control

5,

the left 1n (A)gand the LG tetan1 are onﬁi

¢ o —
g‘ 'l' /' ~ | J .'4'

.

~same axes. The twitch of control and rexfj“'

9

!re1nnervated muscles the forces were normalxzed and the -

&

twltch contractlons plotted on the same axes on the left 1n

(C) and the tetanlc contractaons '4d ‘on the same- axes on_»

the right. As seen on the left in- 089 the tlsxng phase of h )/,

the“twitch contract1on5-of mﬁe re1nnervated.LG andwsoleus

are the same as that of control LG suggestxng that both

re%hhef%ﬁ%bd muscles have- become fast. Both muscles also
show some change in the relaxatxon phase. ‘The r151ng phase

of the tetanic contract:ons shown ori the rzght in (C) seems

.

to 1nd1cate thatAbottwmuscles are_hecomlng 1nte:medlate in
' o : \ S wierT

Lspeeﬁ‘hnd;siﬁi&aﬁ to e%chfotherf_

P : P
s B

§

i.

- - B b B . .
e . ) : S o
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normalized and contractions of control and reinnervated
muscles were. plotted on the same axes in f1gure 2. 3 (C).

Examlnatlon of the tWItCh co rectrons of the

“, (" b
controL and rexnnervated muscles on’ the left of f1gure

.

2 3 (C) shows that the relnnervated LG develoss tension

as. rapldly as the coatrol LG muscle.vbut it relaxes more

'slowly The - rlslng phase of the twltch contraction of

the relnnervated soleus muscle resembles that of the

3 ".ﬁ‘w

conﬁnof';and relnnervated) LG muscle and 1s qu1te

distinct from that of the control soleu:ﬁmUScle. The .
b & e
relaxatlon phese of the relnnervatedﬂsoleus muscle
iR
resembles that of the q'gnnervated LG 1n th?t both are

<

becom1ng 1ntermed1ate w1th respect to control muscles.

b

The rap1d development of ten51on of both, relnnervated
muscles squests that both re1nnervated LG and soleus
muscles ‘have become fast contractlng perhaps 1mply1ng
that both are 1nnervated by fast. motor neurons. However,

the relaxation_phase of the twitch of the‘reinnervated-

\.

i.& .
W i

a
s

LG appears prolonged and similar to that of reipnervated
L . . / .

gdevelopment'of,tensionnfor‘the tetanic contractibns,

shown on the right‘of figurelz;a (C) elso‘suggests‘that
> L
~the time course of" the co@tractlons of both muscles is

becomlng 1ntermed1ate betweeen that of e1ther a

predommantly fast or slow mu%cle‘ R -’



Further examination of the chazagteristics of

twitch and tetanic contractions shows that the falling
?

phases of all contract1 ns are well fitted by a simple

i exponent1a1.as shown in figure 2 4 (A B) (cf methods,

" Stein et al 1982), gi ing a rate constant £or the

fa111 gphases of tw¥tch and*tetanic contractxons..The

(‘t

rlslng éhaSe of tetapic contractions can b% similarly

fltted él;? an exponeqtlal to give a rate constant fog}
o the ddb@mgﬁﬁént of téh51on. The maximum rate of 1ncrease'
wv¢ ‘of ihe’fgrce was calculated s the normalized rate of

- .orce per, second'f\comparlson of control and

-

re1nner ated muscles 1nd1cates a s1gn1f1cant change in
the rg@fﬁg and falling phasés of the tetan1c
vcontractlons':the rate of development of force and the
rate of cay of fotce of tetanlc contractlons fall in
e reinned::eQ LG while these rz{te's ificrease .in
zgvlil re1nnervated soleus. Note however that the rate of decay-
of tén51on in tetanlc contractions of soleus muséles is
: notoyery ‘different to that of the contralateral controls
?)\when the simple‘exponentials fitted towthe decay of
force are compared (figure 2.4). «

Parameters of the~time;COurse of contractions of
reinnervated_and control muscles were calculated as,
‘described ahove and‘in the methods. The contraction time
and the half-rise time were 51gn1f1cantly shorter and

the calculated parameters of the rate of development of -

tens1on - .the rate constant and_the max1mum rate of

- L
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Fzgure '2.4 Tetanic contractzons of control and reinnervated
LG in (A) and soleus ™Mn (B) are plot&ed on ‘the same axes
with the force normalized. A 51mple exponent1al can be
fitted to the decay of tension. The change in the rate€ of

relaxation and in the rate of: development of ten51on of each

(muscle after re1nnervatloﬁ can be seen and cah be calculated

i 4

from the fxtted exponent1a1 (
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Figure 2.5 The contraction time (A), ha;f-iise time (B),..the

Yy

calculated maximum rate of rise of force (C) and rising rate

v Qary

constant (D) - parameters of ‘the rising phase of the
contractions are compased for LG and soleus. Each of the
.measuremenés of contraction ;émekand cal;ulgted'Gélues for E
the‘;aﬁenoi development ofvteﬁeion is sfghifdcantly
_increased for soleus‘muscle (by a t-test for differencee
between meahs, p< 0.01) and.has become similar toeyalues in
control LG. There is llttle change in the twitch contract1on
time and the rate of development of tension in the LG muscle

after reinnervation. (Asterisks denote significant

differences between reinnervated and control muscles).

6 ¢
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development of tension were significantly faster than
) , : . <
normal for soleus muscle after reinnervation'as.

determined by a t- test ‘for dlfferences between means

(p< 0 05) and became similar to all LG muscles in eachy

case. The bar histogram.of figure 2.5 shows the

significant change 1n the rate of development of teﬁE1on
of reinnervated soleug as indicated by the contract1on

time, half rise time and the calculated rising rate

)

constant and the maximum normalized rate of riﬁejof

tension while those values are not significantly changed

¥

from controls for the reinnervated LG muscle.

Changes in' the fe}axation-phase in reinnervated -
v L : o . _
muscles are shown inathe bar histogram of figure 2.6.

The half relaxat1on.t1me of reinnervated LG 1ncreased

significantly (by,a t-test for differences between Teans

. w

p< 0.05) and the decay rate-constant was significanﬂly

reguced'(p< 0.05) Although‘reinnervateq soleus appears
to show a trend in the oppésite direction the '

S

N e : w, .. :
differences are not s1gin1f1¢ant as shown in figure 2.6.

LG moscles, in contrast to the soleus- muscles, showed a

more pronounced change in the relaxation phase toward
values foundxfor slow muscle.

Thus, the contr ction phase of the slow tw1tch

J -

.—soleus muscle was mosw affected by relnnervatlon by the

severed common LGS nepVe while the relaxatlon phase wai
Y ol
most affected in the re1nhervated LG muscles. Compartaon

of the contractlon phase ‘of relnnervated muscles

/

/

-~i
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wrlgure 2. 6 The time CQJrse of'the.reiaxetion ﬁhese of
‘cdhtractlons" descr1bed by the ha‘f telaxatlon time (A) and
‘the decay rate constant (B) are compared for control and
remnnervated muscles. The half relaxation time is
51gn1f1cantly longer and.the decay rate constant is
significantly reduced (b) a t= test‘Tgr differences’ between

means, p< 0.05) 1n the LG after rerﬁnervatlon while the

S,

. gre?: 1n the opp051te dzrect&on in soleus muscle 1s not

f ; .
ﬁﬁ,-’-&¢§19 1f1cant. (Asterlsks denote s1gn1f1cant dlfferences
SV

R T between relnnervated and control MMscles) - R

b \

w0 ‘ S , |
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suggests that fast nerve Eibres may have preferentlally
relnnervated both musclgs i pce bofH relnnfrvated .
muscles resemble control fagﬁrmuscler However, it is

clear fhet thewwelaxatlon rate of LG i$ slowed 1mplying

~ some relnnervatlon by slow nerve’ txhres..slmllarly, the

é
1ntermed1ate relaxataon rate of soleus 1nd1cates some

elnnervatlon by slow f1bres

2.2, 3 2 Cla551f1catzon of Motor Units 1n Control angd-

e

: ’ . 7 , .
A possible explanation of‘the changes in ‘the time

.

Relnnervated Muscles

y'

fast flbreS tend to domlnate the r1se of force while the

v_wholeempscle. If th1s 1s the ca?e, the prolonged

slow flbres present 11m1t,the rate of reﬁaxatlon offthetw—

relaxatlon time in LG 1mp11es re1nnervat1on by more slow

°

‘course of the twrtch and tetanld contractlons is: that f‘fﬁ

—

fibres than normal and the increase in the ngte of IIS&:,A

of force,durlng contractlon in soleus would be due to

;relnnervatlon by more’ fast nerve £1bres than normal To

N ¥ PR - .
cA

One hundred and n1ne control and 61 experlmental ‘f

¢

ethods) - -' ‘a .,;/*7T%7 . .,na

-~

motor unlth were studled Elghtyjﬁeven control and 4;

exper1menta1 motor un1ts were studled 1n the LG musclesi

IS e



J.

~and 22 control and 18 experkmental motor unlts n the

¥

vsoleus muscles.

- v

ﬁbtor units in. the contr@l rat lateral
/

fgastrocnemlus soleus were'cla551f1ed into four major
types ~fadt- fatlguable QFF ?ast-lntermedlate (FI)
‘fast fat1gue re51stant‘(FR) and slow (S) u51ng y.
contractlon tlme and- fatlgue 1ndex as the cr1ter1a. The

fatigue Indexv(FI) is "the.ratlo of max1mum ten51on
- c . AN ' :
'produced (by the muscle or motor un1t) after two mlnutes-

I

Cof stlmulation to the ten51on output durlng the flrst

tetanus in- the standard sequence” (Burke et al 197?)

LN

Unlts hav1ng a fatlgue 1ndex of 0. 75 or less had
r

relatlvely brlef contractlon tlmes (< 30 ms) and were

~
~

';cla551f1ed as fast fatlguable (FI 0 25 or less)

i‘fast 1ntermed1ate (FI 0 25 to 0. 75) on the ba51s of.
t;thelr susceptlblllty to fatlgue as reported earller by‘
“1Fleshman et al (1%83) for cat MG and Kernell et al

N

:(1983) for cat peroneal muscles. ;

The range of contractlon tlmes of ﬁotor unlts
'showlng fat1gue re51stance (FL >0, 75) rncluded both fast
ang’ very slow motor unlts. The calcuiated decay rate .
constant plotted as arfunct1oh'of contractlon.tame'of
motor un1ts in control and relnnervated muscle shows a.
negatlve correlatlon 1n both control and reannervated
'lmuscle as shown in figure 2,7. The;relaxatlonkrate for
*allsfatigue resistant.motot unitsnShowsvconSidefah1e~‘

overlap. P

A
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c.scale shovs a
)
neca:xve correla*xon ‘or cort ol and rexnnervated muscles.

contractzon txmﬁ oh a double logarxthm1

vt can be seer tha'-ln bOth control and rexnnervated musec le

the reiaxat?on ratg fo' tatxgue resxstant motor)unxts shows

a0k

£x'ted yo the datg of Pontrol and xexnnervated motor units

18 s‘gnxixcantIY'dztferent from 0 (control motor unitss

*

1.4 _”0.1v, p-O 78 (p< 0. 01) and re1nnervated units the
41‘
£

FR (u) and s (<>). Open symbols are units in- LG and

= L. 77 py0.7g (p<- 0 01} ) Symbols are FF. (A)

(v),

“filled svmbo s are motor unxts in soleus.

!
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#_et al 1982) ‘and allowed for an- overlap of tw1tch

R0 B J

However, distinct differences could'be'demonstrated

L

between slow and fast fatlgue re51stant motor unlts

v’ustng Ahe” stlmulus paradlgm descrlbed in the methods/ﬁor‘
» the fatlgue test as shown 1ﬁ flgd;e 2 8 Stlmulatlowfby

'13 pulses at 40 Hz produced an“Unfused tetanus w1th ast

)

motor un1ts and a fused or nearly fused tetanus w1th

o

slower un1ts Fatlgulng fast un1ts dld not show "sag" as

desCrlbed by Burke ot al (1973) dur1ng the first. 5 io

- | 84

.

pulses but” showed a drop 1n ten51on by one mlnute durlng

w”the fatlgue test Burke S criterla 1ncluded the use of

% <

the presence or absence of g"_1n an unfused tetanus -

\

ifor'cla551f1cat10n of motor un1ts Sag ‘was descrlbed as

“an'early tens1on max1mum durlng the flrst 51x or seven
4] /

stlmull w1th a subsequent sllght decllne ‘or "sag' to a

lower glateau \ConverSely, a motor un1t show1ng no sag

"

| q;has " /ten51on e?velope descr1bed by the peaks of

»1nd1v1dual components Wthh rose monotonlcally to reach

+

a stable plateau at long tetanus durat10ns"5 Recentj

1)

‘reports 1nd1cated that use of the sag cr1ter1on as
orlglnally defined by ‘Burke et al (1973) d1d not prov1de.

con51stent d15cr1m1natlon between motor unit types (Chan

&

contractlon time between sagglng and non- sagglng units

:,(Kernell\et al 1983) It also resulted in a less

powerfUl component of slow motor un1ts relatlve to the

proportlon of h;stochemlcally slow’ flbres. Kernell et al-

, (1983) reported tfé method of dla551f1catlon by

VA
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Figure 2. 8 Typlcai recorcs of mouor Uﬁlu tetqn*c ,A' _._f o

:coh:r.c:1ons e;zc*ted -once per second for two mlnutes delﬂC'

the fatzgue test are shown at tlmes oé 0 1 and 2 m1nutes

- for typ1cal FF FR arc S motor un1ts The: fast unlts

1

devel opec an unfused tetanus wher stlmulaued for 13 pulses

at 40 Hz once per second “The relaxatlon ra{e slows durlng

the repetltzve traxn of st1mu‘1 cau51ng the - tetanlc oy

1 ©

»contractloﬂs of the fast uni ts to become less rlppled‘ wl*r

time,_The slow units developed a nearly fused contractxon
which sthS' r1pp11ng due to the greater amplzfgpatlon of

the smaller forces of slow un:ts. The fatzgu1ng unlts

‘deve*opec ‘sab‘ in the force trace by the 1 mlnute record

!The ten51on of the slow unlts rose con*xnuously during the

~29 ms anc the slow Uﬂlt on the rlght 42 ms.

13 pulses throughout the fatlgue test.-The contractlon tlme

'of the FF unit ‘on ‘the 1eft was 18 ms, the FR 1n.the_centre

o

a
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'cdntradtion time and fatigue—sensdtivity to be "at .least
_as Valld as with the sag. criterion” KSIOw‘units‘ﬂ
‘ton51stently had a rising’ tens}on proflle throughout the

‘two mlnute fatlgue test. Flgure 2 8 shows typlcal force

.

traces. pbtalned from FF _FR and 'S motor un1ts at the

.start of and’after‘1 minute and 2 m1nutes stlmulatlon

durlng a fatlgue test, demonstratlng the characterlstlc”
dlfferences between slow and fast fatlgue re51stant

A g . ~ . L _ '

,wmotgr unlts. . o ' B - '¢~ .

T

' U51ng this. c1a551f1cat10n there was a clear N

d§v151on betﬁeen f@st‘and;slow control LGS motor;gnits

: on,the\baSis'of_contraction time.'The cOntraction_times
df-fast motdrﬁgnitsigere 30 ms or less inicontrol'
muscles while‘thoée;of leW'motor dnits.were greater.
than 30 ms.vTherefore the motor units in re1nnervated

muscle were c1a551f1ed as - fast or slow accordlng to

o

thelr contractlon t1me (greater or less than 30 ms) and
fast motor unlts further cla551f1ed accordlnéito thelr
'fatlgue 1ndex. The ten51on proflle durlng the‘fatlgue
-test and therefore the "sag of relnnervated motor units
’remalned consistent w1th the classlflcatlon as descrlbed
for control motor unltsAfor 95% of the relnnervated ?;
motor unlts. It was of interest however that - three
relnnervated slow motor unlts (two in soleus and ong 1n

'LG) with long contraction trmes showed fatigue _‘..\

(FI=0.31). S

o
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'ﬂof-force (Fig. 2.1 ) dur1ng tWItCh and tetanlc >.'> ‘}i<

control soleus and the single FE motor unit in
. ; : b . SN

N R \ o e = .
L cL e D 87 -
2 2 3 3 The Contractlle Speed of Motor Unlts 1n Control

‘\p" . R J

and Relnne;vated Muscles g f IR ’] '

’

-

The“dlstrlbutlon of the contractlle speed of the'
motor unlts.sampled ‘in. control'and relnnervated muscles

is shown in’ the h1stogram Ln f1gune 2. 9 Tﬁe range of

-

ontractlon tlmes for the soleus monor un1ts 1s 51m11a%

o

to that reported by Close (1967) and'Kugelberg (1973)

i

The time course of* the tw1tch contractlons and the

‘rate of rlse of force (flg 10) and the rate of fall

contractlons d1d not change 51gn1f1cantly after .

T : ok
relnnervatlon for the populat1on of moton/unlts studied.
s

(In'both these flgures,the sangle‘FI motor unit in

. I
reinnervated soleus are included without error bars for
; .o . T . K :
T e

'COMParison).fThe.contraction tlme and half;rESe time of

twltch contractlons in all fast motor un1ts in =
relnnervated LG muscles are the same as those 1n control

LG muscles and are 51gn1f1cantly dlfferent from the slow“'

- motor units in both control and ﬁe1nnervated muscles.

| .
Soleus fast motor unlts after relnnervatlon are‘

51m11arly not signlfltantly dlfferent from ‘soleus-

control motor unitszaftervrelnnervatlon although the

‘céntraction times showed higher Variabillty. Units were

consistently-slower'thanvthe cOrresponding type of unit

}1n LG (p< 0. 05)(flg 2. 10 a and B)) ‘The max1mum&5ate of

development of twitch tension (f1g 2.10 C) is the same

U
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LATERAL GASTROGNEHIUS

30 A"'contr.ol : » E3 teinnervated .
20 L
10
0 ‘ R B - )
0 20 ‘4o 60 80 100 0 20 kg 60 80 100
e C control ‘ SOLEUS _ D reinnervated '
6
ol .
2 : s

—Z0. 40 B0 80 T0O 70 Lo 60 BO 100

. e

Contray&son Time (ms)

F1gure 2 9 The histograms - show the numbers and the

contraction, tlmes of the motor un1ts studled Control

‘e

lateral gastrocnemius conta1ns prxmar1ly fast motor units

(CT <30 ms) as shown in (A) vhlle after relnnervatzon (B)
there are relat1vely more slow motor units 1n the muscle
(see table 2,1.) Control soleus (C) contains pr1mar11y motor
unlts w1th long contract1on times. After ‘reinnervation a
populat1on of fast contract1ng motor units: were found in
soleus muscle (D). Note that the unit scale (on the y-axis)
for soleus, motor UﬂltS ‘is larger than that for lateral

gastrocnemius. o o



N
Figure 2.10 Means and standard errors of (A) the contraction
time (ms) (B) the half-rise time (ms) and (C) 'the max imum

rate of rise of force (s-1) .for the development of tension’

\[ . R ) |
\‘ are shown for for FF, FI, FR and S motor units in control

NP B . : -
and reinnervated LG on the left and control and reinnervated

-

: , . . . .
- soleus on the right. Values for a sigﬁle experimental FF and

control FI unit in soleus_ére incluéed without error bars
\y‘“”éor comparﬁson.‘There is no significant diiference between
coﬁtfol aném}einggrvéted muscle motor units for the,timel
measurements and‘réte parameters determined by a t-test for

differences between means (p< 0.01).
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LG ‘ so\euis I1
60 P I :

L0
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Half Relaxation Time (ms)
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— LG ' S soleus .
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. \ \

| : o v/ ¢
Figure 2.11 Means and standard efrors of (A) the
half-relaxation time (ms) and (B) the decay rate constant
(s-1) for FF, FI, FR\and'S motor units in control .and
reinnervafed?LG on. the left and conﬁrél and reinnervated
soleué on the right. There is no significant difference in
relaxation speed betwéen’cbntroi and reinnervated motﬁr
units of each type as determined by a.t-test fSerifferences

between means (p< 0.05).
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for all LG control fast motor units and significantly
lower only in reinnervated slow units, which became
similar to reinne;vatea soleus slow motor units. Control
soleus motor units have a ierr rate of tension '
development in general than LG control motor units. The
reinnervated fR motor units in soleus déveiop tension as
‘rapidly as LG motor .units.

With respect to the relaxation phase, the motor
units éhow a gradation of spéeds accérding té motor unit
type. (Relaxation times of LG FF and FR motor units are
"significantly different as well as being significantly
faster than slow pniﬁs). Control slow motor units in
soleus are significaﬁtly slower to relax than LG slow
motor units. There 1s no signifiéant change in the
relaxation time of motor units of either muscle after.
reinnervation (fig.é.11 A). and there are no significant
changes in the decay rate constant fo; motor unit types
after reinnervation. (fig 2.11 B). (Significance was
determined in all cases by a t-test for differences
between means). Reinnervated motor units in soleus
showed more vari;bility in all the abd&e measurements.
This is due in part to difficulty in obtaining
measurements that were as accurate for very small‘motor

.

units as those for the larger motor units in

reinnervated LG.
. Thus, the alterations observed in the time course

of the déveIopment'and decay of tension of whole muscle
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during twitch and te anic contractions are not due to
correspbnding changes in the speed of contraction ahd
relaxatxon of fast and slow motor units in the
rexnnevvated muscles. The range of contractlle speed
(fig.,2.9) and the means of a number of different
parameéers of contractile speed of motor uﬁit types in
reinnervated muscle are typical of those cf normally
innervated muscle (fig. 2.10 and 2.11). The alteration
in whole muscle contraction speed can be attributed to ;
change in the proportiong of motor unit types as shown

below.

2.2.3.4 Proportions of Motor Units .in Control and
Reinnervated Muscle

The proportions of motor units studied in the
control and reinnervated musgles are shown in table 2.1
The majority of the motor units in thé contrél LG were
fast congracting, and only 17% slow motor units weré 
identified. The control Soleus contained 14% fast
fatiguetresistant and B82% slow motor units. There was
one fast.intermédiate a%d no fast fatiguable motor units
found in control soleus.
| The most striking aspect of the motor-unit
composition of the reinnervated muscles Qas the change
in proportion of the different types of Qnits. Where the
proport1ons of s1dw muscle fibres were grossly different
in control muscles (17% for LG and 80% for Soleus as

4

shown in table 2.1), thfy were very similar in

}
I

.
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Table 2.3

CONTROL REINNERVATED
p ,
FF Pl | FR S FF Fl. FR s
40 15 28 17 s 21 16 28
L] B
4 14 82 6 19 22 33

The percentage of FF, FI, ¥R and S motor units identified

;n control and reinnervated lateral gastrocnemius and y}‘:
soleus muscles. The proportion of slow motor units is

very similar in both reinnervated muscles which suggests

that reinnervation by fast and slow motor neurons was
’Im\;seleclive. Neit&gr the fast or the slow muscle was

preferentially reinnervated by its original type of nerve.

-



reinnervated musclesr(28%.in LG and 33% in Soleus). "

Relnnervated LG retalned a populatlon of

,fast contract1ng motor unlts w1th contractlon tlmes 1n

-

the‘range of‘10 "to 22 msec,vbut had:far fewer motor-\

"unlts w1th 1ntermed1ate contractlon tlmes (f1gure 2. 9,

B). 'The relnnervated soleus.dlffered(fromvlts control in

a

. Y - . . :
hav1ng acqu1red a large percentage.(’7m) of .large motor
‘“h un1ts w1th fast contractlon t1mes between 18 and-30-mseci'

- whlch 1ncluded some cla551f1ed as FR and FI motor unlts

s

one FF un1t and fewer slow motor units (figure 2.9 D)
: whereas the control muscle contalned nearly entlrely
-slow and fat1gueu;es1stant fast motor un1ts (f1gure 2.9

l( '{“ .

‘2.2;41Discﬁssion'

"Random'L Relnnervat'on

A strlklng flddlng in thlS study 1s that after‘
Vdrelnnervatlon both the orlglnally fast LG muSCle and‘the
tgrlg1nally slow soleus muscle contaln close to the same
lproport1on (~ 30%) of slow motor units. Slgnlflcantly more
slow nerve flbres re1nnervate the LG and 51gn1flcantly more
‘fast nerve flbres relnnervate the soleus than 1n the‘control
muscle; The muscles were ‘equally well relnnervated (see the
next chapter),lndlcatlng that nelther the fast nor the slow
muscle was refractory to re1nnervat10n by the LGS nerve |

f;bres. If the muscles had not shown preference for thelr

former type ofvnerve supply,_then‘the proportlons_of~fast

4’



.and!slowjmotor units in each muscle‘should”be:predicted by
t e'proportions of each type of axon 1n the re1nnervat1ng

, ne ve, a slmple calculation,lshown in table 2 2, uses theq
dmus le twltch‘forces and‘the,proport;ons of-motor un1ts¢>yl
contalned in them to est1mate the actual nuhber of motor
unlts in each muscle.eAn estlmate of 27 slow and 38 fast:
flbres in the LGS nerve. predlcts that if re1nnervated
equally, both the LG and soleus muscles W1ll contaln 35%
slow motor unlts. Our data show the. relnnervated LG muscle

contalns 28% slow motor un1ts and relnnervatéd soleus
_contalns 33% slow\z::iyoynlts. This is, con51stent w1th the_
concluslon that relnnervatlon was “randomA'or‘nonfselectlve
— PR
‘ w1th respect to the proportlon of successful fast and slow
erve flbres in each muscle.: The fast and slow nerve flbres
appear equally successful in both muscles and synaptogene51s

on denervated muscle flbres has ocCurred regardless of the

/s .
’,orlglnal type of the. mu5cle flbre. Although it has been -//f‘

nshown that regeneratlng axons have a strong tendency to }/
:return to the1r orlglnal‘term1natlons ao*ﬁhe end plate o%
muscles (Bennett et al 1973' Sanes et al 1980) it appears
that denervated fast and slow muscle flbres “do not.
‘necessarlly attract thelr former type of nerve. .
_The flgures 1nd1cate that there was- a reduct1on ‘in the’
~absolute proportlon of slow nerve flbres (from 36% to 30%)
This 1is conbradlctory to the suggestlon of Lew1s et al

LJ982) that slow motor neuron fibres appear to be more

.successful_than fast in remnnervat;on.‘Our apparent loss of

. %6

N2
// :

e
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Lateral Gastroc = - ~ Soleus LGS nerve
Muscle force (mN). . . 1650 173 (8) . . 29130 (3 -
'Motor unitvforce‘(mN) .. , ‘ 40 iyd.3l(74) - 12 +71.3 (155' - -
No. of motor ‘units . a - : S ’
i'Muscle force/unit force ... s - 41 Y L . 65
'Proportion of slow units (u)" o _. g R 82vg o B 35
Total no. of slow units \f' » : 7 o »:;f ;,zo'i 2 . R
Total no. of fast units .~ 34 N 4 o 38

: Tablé 2.2 The number of fast and slow motor. neurons in the common LCS nerve .can”

. | ~ be estimated by determlnlng the number of motor. units. in: ﬁQ and soleus

: ?muscles indirectly by d1v151on of .the total muscle force by the” motor
unit force ‘The proportion’ of slow and fast motor units was obtalned
>exper1mentally by classiflcatlon of the un1ts according to their v
‘eontraction time and fatigue- sensit1v1ty. This calculation permits
an’ estimate of the number of fast and slow motor neurons.' Colum 3

shows that. the LGS nerve contalns 657 fast nerve fibres and 35% slow.

" nerve fibres. o !

So



slow nerve fibres could be the result~of‘sampling error

. since our populatlon of experlmental motor units. was' not .

.large but our f1nd1ng of a normal dlstrlbutlon of motor unit
"51zes in the relnnervated muscles (as descrlbed in the next
‘chapter) suggests that thlS was not a probable source of

‘ error | |

K]

Although earller experlments de51gned to demonstrate
nerve muscle spec1f101ty dia present denervated muscles w1th
an array of axons. 1nclud1ng the1r own by nerve-vnerve suture
of the sc1at1c nerve or 1ts major branches, (Bernsteln &

' Guth 1961' Yellln 1967' Mlledl & Stefanl 1969) or by. L
conductlon of two major nerve trunks through an arterlal
spllce back to thelr former dest1nat1on (Welss & Hoag 1946)
these procedures %ere at a con51derable dlstance from the
“muscles ‘where troph1c 1nfluence of the mu5cle apparently -
"does not 1nfluence course of growth of the nerve sprouts.“'
The compllcat1ons created when the dlS orde;ed axon sprouts

.. s
entered the endoneurlal tubes of whlchever portlon of the

dlstal stump they . flrst encountered (Cajal 1928; Guttman &
Sanders 1943) _may well have precluded the ‘self-reinner atlon
bof muscles that it had been hoped to demonstrate Qn e |
haVrng‘entered what' may well be an 1nappropr1ate.endoneurlal
.tube,‘axons are‘constrained within'it (Brown‘& Hopkin511981)
“and wild gxpw down that pathway to what~may"be én incorrect
‘target muscle. Phy51cal obstructlon within: the muscles of
‘elthe//of two nerves may have 51m11arly comprom1sed the |

conclu51ons reached from attempts to allow "compet1t1ve
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re1nnervat1on to occur (Ellsberg 1917~ Hoh 1975 Riley' |
1978)‘ The experlmental de51gn of cross\lnnervatlon between
a slow and a fast muscleL(Eccles et al- 960' Close 1967
Dubowltz 1969) precluded the selectlon’of "self" muscle
f1br§§ by nerve altngugh a number of reports of |
‘~cross 1nnervated muscle have 1nd1cated contamlnatlon of the
"muscles by self re1nnervatlon (Dubowitz 1967- Bagust et al
't19813 Therefore crossvrnnervat1on stud1es in. whlch there
lwas very llbtle possablllty ofccorrect re1nnervatlon and-
uncertalnty regardlng the exact re1nnervatlon of the muscles
. have prev1ously left\the questlon of nerve- mﬁscle )
fspecif1c1ty unresolved\\ | | |

The strategy used in thé‘present study of‘reinnervatlonin‘
h:of applylng both the fast LG axonS\a\d the slow soleus axons'

‘dlrectly back to- the1r orlglnal muscles thelr own common

: nerve el1m1nated the p0551b111ty of gross mls_f ectlon of *

fthe axons durlng regenerat1on whlle preserv1ng some the

,ch01ces that were. ava1lable to the nerves durlng : '
dembryogene51s The axons had the same opportunlty as. they
~had developmentally to respond to env1ronmental cues w1th1n
the muscle and to be dlrected by contact gu1dance along
{thelr former endoneur1al tubes, and p0551bly to match fast
nand slow nerve and muscle flbres accord1ng to their
blochemlcal 1dent1ty\\\erve re—growth was dlrected by
'contact gu1danceffrom the connective tissues of both nerve

‘and muscle (as will be descrlbed in the next chapter) but

the result was that the slow and fast fibres, became markedly

"K
- I



separated and each type of f1bre formed motor un1ts that
lwere‘conflned’w1th1n muscle compartments It has been shown
'-that."type grouplng" occurs, when regeneratlng nerve flbresl
form motor unlts by re1nnervat1ng adjacent muscle f1bres
(Karpat1 and Engel 1968a). Even under these c1rcumstances
'dthe proportlons of fast and “slow nerve f1bres in
relnnervated muscle was the:same,as ;n the nerve branch .
supplylng the, muscle
The Troph1c Influence of . the Nervenon Muscle

Cross 1nnervatlon experlments have con51stent1y led t0.
5the conclu51on that the nerve can alter the coﬂtractlle
speed of the muscle, (Buller et al- 1960 Close 1967'
-vDubow1tZ'1967) but the finding that the conversion of:some
omuscle contractlle propertles towards those of the type of
’kmuscle formerly 1nnervated by the nerve was 1ncomplete,
lespec1ally ‘for slow muscle, suggested a 11m1tat10n of the"
ab111ty of the nerve to control muscle propertles (Robblns,
‘Karpat1 & Engel 1969--Edgerton~et al 1980) Hypotheses
"presented to - expla1n the 1ntermed1ate contractlle propert1es
of whole muscle have been that elther all f1bres have
undergone partlal change to a 51m11ar degree and are all
'1ntermed1ate in type (Buller & Lew1s 1965 Close 1969;
,Robb1ns,‘Karpat1 & Engel 1969' Sreter\et.al‘1975; Hoh et al
'-1980)> or that relnnervated ‘muscle contained aﬁmixture of
'fast and slow fibres (Bagust et al ]973} Chan et al 19829, :h‘
‘F1nd1ngs of this - study prov1de the»first clear}evidence'tob
support thevlatterlsqueStionr The:new nerve;supply

R
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. determines the'contractile properti'svof_individUal muscie
flbres S0 that the propertles of eae ‘motor unit type'wefe
‘51m11ar to control 1n relnnervated motor un1ts as shown in
-ff1gure5‘2 10 and 2,117, There was. no ev'dence that
“relnnervated motor units acqu1red 1nter edlate cont}actlle
.speed characterlstlcs, but rather that the alteratlons in
‘contractllevpropertles of whole muscle are due to the
altered prbpertions of each‘type of motbr ungt'in the
. muscle. Theee propertiens“will,dictate theﬂoverall time
ucharacteristiCs.of the mnécle twgtch as we have sh6Wn for
=theire1nnervated LG and soleus muscles..The‘fastvmetorfunits
in a muscle w1ll cause a fast rate of rise of twitch ten51on
‘and the slow motor un1ts w1ll ‘extend the duratlon of ‘the |
tWItCh and control the rate of relaxatlon of the muscle.
The method of cla551f1cat10n of motor unlts prov1des

- good d1scr1m1natlon between types of unlts.'The.
characterlstlcs of ithe relaxatlon phase may prove more
useful than the contractlon tlme for dlfferentlatlon between
Atypes of motor unlts. It has been demqnstrated that
‘half relaxatlon time or decay rate constant are d1rectly
,related to the contractlon time- but prov1de for d better

i

dlstlnctlon between types of unlts than the contractlon t1me

| H'(Kernell et al 1983)'

Changes in whole muscle pro ties after reinnervation'
~.are 1nadequately descrlbed u51ng the contractlon tlme alone.,
Much more 1nformat10n is- prov1ded by exam1nat1on of the

.characterlstlcs of the rlslng and falllng phases of the



o / 102
_twitch and tetanic, contractlons, and by examlnatlon of the
motor unit populat1on. The proportions of fast and slow

motor units in a muscle are respon51b1e for the contractllek

characterlst1c5g‘
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2.3 LIMITATION OF THE TROPHIC\ CONTROL OF MUSCLE PROPERTIES

BY THE NERVE

2.3.1‘Intqodﬁction

A number of recent/feports in cross-innervation studies
have indicated that there are limitations to the extent of
the neurél control of muscle pr%perties. Conversion of some
oflkhe contractiie p:ope:tieé of muscles under the inflpence
of a foréign nerve includes alterations of the myosin'
isoenzymes (Sreter et al 1975; 1980; Bagust et al 1981;
Sfihari et al '1981; Gauthier et al 1983), and alterations in
the 1évelé of-a;tivity of oxidative enzymes and the |
mitoéhondrial,céntent of the fibres. ReéentnresearCh;has

suggested that there may be a dissociation between control

of these pr types of enzymes (Sreter et al 1975) and that .

some properties may be controlled primarily within the
muscle and are thus resistant to neural control (Edgerton et
al 1980; Burke et al 1982; Chan et al 1982; Gauthier et al

1983). Ih order to further clarify which mechanisms are

influenced by the nerve, this study examined the contractile

and. histochemical prbpefties of a fast and a slow:musclé'and
of theif motor unit pOpulafion following reinnervation by
the muscle nerve branch common to both muscles. Comparison.
Was madé of the changes in each bf these types of muécle

properties after reinnervation.
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The proportions of slow and fast types of}metor units
found in reinnervated ﬁuscle (see the previous chapter)
showed that the nerve‘lxons had not preferentially selected
their own original muscles or ‘type of muscle fibre on
reinnervation but that reinnervation of bdth muscles by-
their common nerve was random with respect to the degree of
,success of axons of either fast or slow nerves. Both the
originally fast muscle and the originally slow muscle
contained the same proportion of slow motor.units:aﬁterl
reinnervation, and that pfopoftion was pYedicted’by the
ratio of fast and slow motor nerve’fibres in the
reinnervating nerve. The‘eontractile sbeed of "each muscle’
‘was altered due to the alteration in the motor unit
population ‘observed in each muscle but the parameters of
contractile speed of individual motor unit types remained
unaltered. The contfactiie speed of individual muscle fibres
had'been controlled by'the nerve. Results to bezp;eSented in
this chapter show that there was an aiteration of the‘
histochemical.pfofile'of the muscles which corresponds only
in part to the change in the motor u;it population. The
originally slow musclée, soleus, retained a |
disproportionately large percentage of o;idgfive fibres
contdining acid—stable'ATEase after reinnervation compared
td the motorvunit'population,demonstrated physioldgicaliy,
while muscle fibres in the fast LG (lateral gastrecnemius)
muscle showed the high degree of’eorreSpondence between

histochemical profile and motor unit population that was



normally seen in control muscle. The fast LG muscle readily
adapted its histochemical properties with altered \
reinnervation but soleus, in contrast, although readily “

accepting innervation by fast motor neurons showed limited

adaptability of its oxidative profile and ATPase enzymes as
demdnstrated by hisﬁochémical methods.

Preliminary daia froﬁ examination of reinnervated cat
hind-1limb musclegwaordon, Stein & Gillespie 1980) pointed
to similar conclusions but indicated that it was necessary
to examine the entire reinhervatéd huscle in order. to
determine adcurately the extent of‘the changes ébserved
since many of the changes were focal, affecting only‘a part

, R - .
of the muscle. To do this the smaller muscles of rats were

EN

used and cross-sections of the entire muscle were\examined

¢4

hgstochemically;

.2.3.2 Methods

The common lateral-gastrocnemius soleus (LGS) nerQe was,
cut before its eﬁtry ih;o’thg lateral gastfoénemius (%ﬁ) in
the hind limb of rats, denervating_the LG and soleus
muscles,'and sewn to the dorsal surface of thé LG muscle
under aseptic conditions. After 4-14 months the contractile &
propefties of the muscles and their motor units were
recorded in an acute experiment as described in the preQioué
chapter. | | , |

After completion of the study of the contractile

properties of the muscles and individual motor units, the
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muscles and their contralateral controls were removed, cut
into 3-4 mm lengths.and mounted on small pieces of cork'wikh
OCT (Tissue Tek, Miles Laboratories Inc.). These samples
were fast-frozen either in isopentane cooled by'liquid'
nitrogeq}to-—160°c or directly in liquid n@ﬁrogen after
being coated with faICUm powder (Moline & Gléhner 1964).
Sections were stored at -80°C as necessary prior to being
cut and stained. Foﬂ’stainihg, muscle‘samples were
transferred to a cryostat and allowed to warm to a .
temperature of -20°C. The corks were mounted on the cryostat
chucks and serial sections' of muscle cut 8-10 um‘thick. The
sections were picked up_onlglass coverslips, air dried at
room temperature and stainegifor oxidative enzyme-activity:

reduced nicotinamide ®*adenine dinucleotide diaphorase

. (NADH—D)(Novikoff; Shin & Drucker 1961), glycolytic

a

.éctivity: menadioneflinked_a-glycerOpHesphate (m~-a-GPD)
.(Pearse 1968) and ATPase éc;ivity after acid (pH 3.9-4.3)
and‘aikaline (pH 10.5) ?fe*incubation according to the
method of Guth & Samaha (ﬁ970).
| Methods used were as‘follows:

!. NADH-D: Sections were incubéted for 30 min. at pH 7.4 at

37°C in 0.2M MOPSw\mqrpholinopropanesulfonic acid) |
buffer containing 8 mg NADH-D (reduced nicotinamide
adenine dinucleotide) and 10 mg NBT (nitro-blue

4

tetrazolium) per 10 ml.

iRl
»

2. m-a-GPD (menadione—linked‘ﬁ—glycerophosphate o

¢

dehydrogenase): Sections were incubated for 45 min. at
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37°C in 0.2M Tris buffer at pH 7,4 with 4mg menadione,

10 mg NBT, 40 mg a-glycerophosphate.h )

ATPase: Sections were pre-incubated in either acid qr

alkaline media as follows: .

a. acid preincubatioh: Glacial acetic acid wasvdilutei
0.3 ml per 100 ml (final volume) in 18mM CaCl; and |
the' pH was adjusted to two or three pH levels as
neceséary with 5N KOH befor% dilutionbto the final
volume, The optimal pH gbr rat muscle was foundﬁto

+ be in the range of 3.9 to 4.3.

b. alkaline preih@ubqtion; 18mM CaCl, in 100mM
2;amino-2-methyl-1—propanol was édjusted to pH 10.4
or 10.5 usiﬁg ]ﬂor 6N HC1 (back-titrating with KOH
if necéssary):

After acid pre-incubation for 3-5 minutes or algaline

preincubation for 10-12 minutes slides were washed in 2

x 1 min. changes of 100 mM Tris (pH 7.8) contaiﬁing 18

mM‘CéClz. 1fcubation for 30 min4 at 37°C in a solution

of 2.7 mM ATP (Adenosine triphosphate - Sigma Chemical

Corp.), 50 mM KCl, 18 mM CaCl, iw)1ob mM

2-§ﬁino—2-methyl-1—propégol buffér at pH 9.4 was

fqﬂlowed by 3 x 30 sec rinses im 1% CacCl, solution,
inchbation for 3 min. in 2% CoCl,, rinse in 4 x 30 sec
qha&ges of distilled watéf, and incubation for 3 min. in
1%0(§/v) ammonium sulphide. Th% secfioﬁs were(then
washed in running tap water for 3 min. (Guth & Sq@aha

1970). /
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The number of fibres staining positively for oxidative
and glycolytic enzymes and tor fast and slow myosin ATPase
were counted in serial sections and the fibres classified as
f.g. - fast, glycolytic, f.o.g; - fast, oxid&five glycolytic

and s. - slow as described on page 53 and as shownlin table

2.3'

2.3.3 Results

2.3.3.1 The Extent of Recovery of the Muscles
Both the LG and soleus muscles «were successfully
reinnervated in all the experimental animals, and it was
noted that the nerve to soleus travelled from the deep
surface of the LG in a single trunk as it normally does,
indicating that the regenerating nerve had made use of
its original connective tissue sheath for‘gq%gance. The
nerve fibres may h;;e ;ntered the LG via the original
epineurial sheath. The pattern of enzyme staining in the
reinnervated muscles indicates that the connective
" tissue of the muscle confined regenerating axons withige
compartments of the muscie. The relative weight, numbe r
of muscle fibres and force in reinpervated musclés as
compared with.control contralateral muscles is shown-in._.
“table 2.4. The extent of recovery of force and weight
are consistent with findings of previous'studies which
showed that muscles do not fully recover to thei;
., pre-operative levels of force after nerve-muscle suture

in contrast to the greater recovery shown after
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“Staining Intensity.

- ATPase : :
a]kal:ne’pre sncubatedf_,

_ pH 10. b

acnd pre- |ncubated
pH 3.9- “ 3
.NADH-D

Q—GP n*

'"f.g;

dark.

intermediate

©Tight

dark. -

A'dark*med‘un

Tight-

' dark

'dérk
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iighti

dark

medium

Yight

‘ Téblé*2.3.' Stainlng |ntensnty of muscle flbres when stalned for

,myosnn ATPase and ox;datlve (NADH) and glycolytlc (a GP)

 enzyme acthtty

Fnbre types are f. g

- fast

oxudatvve-

'gglyco]ytnc, and 5 - slow as descrtbed on page 58 and 122

;C1a55|ficat|on accordlng to Peter et al.

Bgrkg et al.

(1973)..

(1972) and
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'nerve-nerve.Suture (Gordon &mStein 1982). Tt is
interesting to hote‘that while the recovery of muScie‘
rwelght in relnnervated Soleus was equal to that of |
relnnervated LG the relatlve npmber “of - musc1e flbres ‘
~ and the tw1tch force was. hlgher. Thls 1nd1cates that -
‘motor unlts in soleus had become larger as conflrmed by”
motor un1t average tw1tch force and the 1nnervatlon
ratio o
| Both muscles appeared to. have readily accepted
relnnervatlon by the axone)ln the mlxed muscle nerve.
Some relnnervated muscles were seen to 1nclude "bands"
of yery small f1bres Wthh were atrophlc (Dubow1tz &
Pearse 1960), and were therefore not counted as part of
,the f1bre populat;on i the hlstochemlcal study.: Lo
Relnnervated LG “has 69% ofﬁﬁts orlglnal number of muscle"
fibres supplled by 90 -of. 1ts orlglnal number of nerve‘
f1bres whlle soleus had 81%" of its orlglnal muscle
flbres and only 42% of its orlglnal number of of nerve
’flbres. Slnce atrophylng muscle flbres were noted
5~(flgure 2. 16) thlS suggests e1ther fallure of contact‘or'
kg;géhlng between nerve and muscle and rejectlon of
1nappropr1ate synapses in the LG muscle wh1ch had the
flrst opportunlty for re1nnervat1on. Fewer nerve flbeS}
vere avallable to,relnnervate ‘soleus muscle and these
have done so by meane of enlaréed'motor units. Some‘

atrophying muscle fibres were alsoc seen in reinnervated

r-
Y

soleus.
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: Appl1cat1on of the calucatlon of table 2.2 to
relnnervated muscle 1mp11es that the proportlon of slow‘
nerve. flbres had decreased to 52% of thelr or1glnal
number flbres ahd the fast nerve fibres had decreased to7‘

t81% of - thelr orlglnal complement while the muscles
: contalned 70 80% of their or1glnal flbres after ;'
g ;relnnervat1on (table 2 4), ThlS suggests that the slow
vnerve fibres have been less successful than fast nerve‘
f1bres in terms of their. ablllty to re1nnervate muscle.

Those slow f1bres whlch were successful were able to

relnnervate an 1ncreased number of- muscle flbres

-

- 2.3.3. 2 Propertles of the Motor Un1ts
';The Force and the Contractlon T1mes of the Motor Un1ts'
B Motor unlts were cla551f1ed as fast and slow

accordlng to: the1r fat1guab111ty and contractlon t1me as;

. descrlbed in. detall in the: prev1ous chapter. Con51stent |

':Wlth earller data on re1nnervated motor un1ts 1n cat LGS,
muscles (Gordon & Ste1n 1982) there-lsva sxgn1f1cant
inverse linear relat1onsh1p between the 51ze of motor.
‘unlts as 1nd1cated by their: tetan1c ten51on (the ten51on:'
after 5 p_Ulses).J and thelr contractlon t1me in the D
reinnervated LGS muscles (ngure,2.12 B) 51m11ar to the’

'normal size relationship-(figure 2.12 A),v

* Not all motor un1ts were tetanlzed for ®20 pulses 51nce
some rapidly fat1gu1ng motor units were already showing a
reduction in tension: before 20 pulses were delivered to
—trgm. These motor units were then "tetanized' for only. 5
pulses at an interval of 0.33 to 0.40 of the twitch
contractlon tlme (Steln & Parm1g?1an1. 979)



' eFigure*2‘12 An 1nvetse llnear relatlonshlp can be shown on
a- double logar1thm1c plot between motor un1t ‘1ze;as“

,tnlndlcated by tetanlc ‘tension and contraction (imeyfoi-motof

htunlts 'studied. 1n control (Al\and re;:nervated (B) LGS

4(slope of the computed regre551on llne llne in (A) ~ control

muscle was -1;]v. 0. 15, p= O 58 (p< 0. 01) and in (B) .

':;relnnervated muscle was'~0 74 - 0.27 p=0 36 (p< 0.05).

Largest motor units have the shortest contractlon t1mes and
smaller unmts haye progresszvely longer‘contractlon-tlmes.,'

' Symbols are as in figure 2.7
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although the data p01nts for relnnervated muscle are
more scattered ‘The largest motor un1ts have the ... .

hortest contractlon tlmes and smaller motor units have‘
T nger contractlon tlmes. (The slope of the regre551on
-11ne on double logar1thm1c axes for motor un1ts 1nx
‘control LG’1s —1 1 +LO 15 p=0. 58> (p< 0. 01) and for thevv‘
‘,motor units found in relnnervated LG is —0 74 + 0.27, |
 p=0.36 (p< 0.08). ' 1

| » The average tw1tch force of motor un1ts in. control
and re1nnervated muscle as shown by the bar hlstogram of{

"flgure 2.13° 1ncludes a more limited: range of motor un1t

51zes 1n the relnnervated muscles than in control e

' muscles No very large motor un1ts 51m11ar to the large

'FF motor un1ts of control muscle were found after
‘dre1nnervatlon Although the size of the FF and FI motor
_'unlts were 51gn1f1cantly reduced 1n re1nnervated LG the
lrelat1ve sizes of fast motor units are retalned w1th FF
un1ts being the 1argest and FI FR un1t" belng
-progre551vely smaller as shown for the control motor
‘unlts (flgure 2. 12 and 2. 13)_ The l1m1ted range of fast ;

motor un1t 51zes tends to support the suggestlon made by

Chan, Edgerton et al (1982) that the 51ze of motor un1ts

|

. may be 11m1ted at least for the‘fast motor units

._whether or not muscle f1bres remaln denervated The

i

_average force of all re1nnervated FR and S unlts 1n both

\

”muscles is not 51gn1f1cantly different (p< 05) The”

force of the re1nnervated motor un1ts in soleus muscle

/
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_ Figure 2.13 The siie of each typeeof.mpnor unit as measured

' Y . L ,
by the average twltch force (mN) in control and relnnervated

musc;e. In control musole the FF motor un1ts are the largest

and FI, FR ‘and*s p;ogresszvely smaller. While the fast

reznnervated motor

'relatlonshlp the FR and S motor unlts are not szgnlflcantly

units show a tendency to returnvto‘that
\

d1fferent in 51ze. The. average size bf FF and FI motor unlts

1s sxgnlflcan

yr

educed 1n relnnervated muscle. No very

N

large FF motor units such as those in control muscle were .

found after relnnervatlon. Values for control motor unlts

LI -

are on the left of each pair and rexnne vated motor units

are on the right.

Asterisks denote sign flcant differences

between control and reiﬂnervated motor'unlts.
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showed .greater variability thanlthé other motor units.
- Many of feinnervated‘soleus fast motor units were
smaller than those normally éustained by the fast motor
axohs when supplying nofmal LG‘muscle. The)reédVery of
force in soleus (table 2.4) can be accodntéa for by the‘
'iincreéséd prbpp}tion of fast‘motor Qﬁitstin the’
 ;eiﬁnervated muscle. R P
Resistance to Fatigue

The normal relationships found between motor uﬁit
size, contraction time and fétigue resista#he were
retainéd after‘;éinnervat@on for fast motor units,»fhese
relationships which are found in the normal motof unit
populatioh continue to ‘be prgéént in the reinnervated
mué;lés except_that,'as pointed:;ut above, no very large
.FFAunits similar to those in control LG were identified
in the reinnervated muscles and many of the fast motor
‘unips in reinnervated spléusﬂwéfe small.

| The bognaaries for fatiguability were less rigid.

Two units that were clearly FF according to all other |
criteria (contraction time,.haif—rise time, half - '
- fall-time and raﬁe constants) had a fatigue -index of
.0.71ﬁ(§ithin the range of;FI units). Three slow motor.
iunits ih reinnervatéd muscle fStigded (fatigue‘indek
~0.30); Two of these wefe'in~soleﬁs and one in LG.
. Twitch/Tetanic Ratio

The.relafiohshipfbetWeen the size of the twitch and

. : S N
that of the tetanic tension of the motor units in

[

-



éontrol muscles is retained after reinnervation The
twitch-tepan;c raﬁio‘of the whole muscles was not i
signifﬁcantly different (p< 0.05) aftervreinnervation
(control LG 0.29 and reinnervated LG 0.27, and.coﬁtro"
soleus 0.23 and reinngfvéted soleus 0.25)./The ratio for
so%eus agrees with‘thqt>reported earlier by Close (Close
119%7} Close & Hoh 1969).‘ . “

{ _
2.3.3.3 Histochemical Properties of Control and

Reinnervated LG and Soleus Muscles
Classification of Fibre Types in Normal and Reinnervated

Muscle

The fibres in experimental musclesl control
ucontralateral limb muscles of.experi@ental animals. and
muscles from control animalé were classified<according
to the criteria given by Burke et al (1973) and Peters
et al (1972), as pre§ioq§ly summarized in table 2.3.
Fibres with high glycolytic enzyme-activity,r;ow
'oxidative enzyme activiﬁy, and alkali-stable ATPase were
.claSsifed f.é, (fast,‘gijcgiz&}c): fipres.stainihg,,‘
.‘strbhgly for oxidative éctivity{ intermediate for
vglycolytic activity and with low ATPase activity afterl
'acid prérincubatioﬁ weré‘class}fiéa f.o.g. (fast,
oxidative—lecolytic)'.andrfibresithét stained dark fory
»ox1dat1ve enzyme act1v1ty, llght for glycolytqc act1v1ty ©
and w1th high ATPase actlvdky after ac1d pre-incubation

“y

were cla551f1ed S. (slow),
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Differences‘in staining lntensities between fibres
- of the same type (Brooke & Kaiser 19697 Guth & Yellin
1972; Rugelberg 1973) »due to theﬁgariable level%*of
activity of ox1dat1ve and glycolytlc enzymes, may result
in up to 15% error in subdivision of the fast fibres.
into two groups (Reichmann & Pette 1983). Difficulty in
classification of fast fibres is greatestfin the rat,
and it has also“been noted (hugelberg 1973'rBurke.1983)
that rat soleus fmuscle 1is un1que in hav1ng the f. .Q.g. |
fibres stain more 1ntensely for NADH D act1v1ty than the
slow flbres In the cat the slow motor un1ts in soleus//
‘are dlfferent from the slow motor units in the |
gastrocnem1us (Burke et al 1974) (Since comoletion'of

this study,Gollnxck-(1983) has reported a techn1que

whichiwlll further subdivide the fast and slow fibres.)

Nevertheless the mUscle'fibres'could be satisfactorily
classifed 1nto three groups u51ng the comb1nat10n o]
four stalns (as’ descrlbed in the: methods) which allowed
for comparlson of the hlstochemlcal and physiological,
data. The method was to count ‘the numbers of fibres of
each type'in each stain of whole muscle cross-sectionsi
‘and- calculate the proportlons of each. Flbres were.
v'.compared in serial Sect1ons to conflrm that the
‘.cla551f1cat10n by each sta1n corresponded w1th the other
Cstalns The Jlarge numbers of fibres counted (see table
W2 4) allowed for’ statlstlcally rel1able results and it

 could ea51ly be seen that the pattern of sta1n1ng of.

v
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reinnervated muscle was duplicated with all stains
except for the oxidative enzyme stain of reinnervated
soleus. Interpretation of the data was undertaken with -

the above-mentioned possible degree'of error in mind. f

The correspondence obtained in our data between motor
unit and histochemical fibre types suggest that the
fibre‘clgssification is reasonably accurate.

. Srihari et al (1981) reported conversion of myosin
isoenzymes and myosin light chaiﬁs'in;the contralateral
iimb éébwell,a§ the experimental, and Reichmann et al
ﬁ(19835‘founé EBQE cgoss—reinnervation of limb huscles

v

induced changes in the contralateral muscles as well,
although less extensive than in the experimental o

muscles. We found no significant~differences in the

results in this study between the contralateral leg

'm&scles,cf the experimental animals and those of contgol

~.
N

rats, and no sigﬁificanﬁ differences between‘fhg group
of animals studiedlandf4—7‘mohﬁﬁs (half) and those ™.
studiedbétl14.mon£hs.'
Distribution of Fibre TYpés'iﬁ*Qonfrbl and Reipnefvated
Muscle | | |
Control soleus‘muScléﬂétAi ed inténsely for
oxidative:én€ZEeS‘and 20%1d£;it fibres, evenly
‘éééttered in»a-moﬁaic fﬁroﬁg% tﬁe muscle, were very
slightly da;ker with NADH—D.‘These fibres statned
positivel§ (although £gintly) fbr glycolffic activity

'éna positively for alkali-stable ATPase and were thus
.o . . /’f

e
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classified as f.o.g. fibres, The superficial part of the
control LG (lateral gastrocnemiué) cod;ained only
uniformly étaining gdycoly;ic fibres with alkali-stable
ATPase activity (f.g. fibres) bpt in the dﬁ%per areas,
increasing towards tﬁe ventro-medial part of the muscle
there was a mosaﬁc with increasing proportions of f.o.q.
and slow fibres.-Control LG is shown in figqure 2.14 (&)
stained for NADH-D activity, and control soleus is shown
in figure 2.14 (B) stained for myosin ATPase activity
after acid pre-incubatidn (pH 4.2). In contrast, figure
2.15 shows typical stainS of reinnervated muscles in
which, in both LG and soleus:muscles, the types of
fibres are well separatedvof:"type-groﬁped". Figure 2.15
(A) shows a reinnervated LG muscle stained for myosin
ATPase after‘a¢id pfe-incubatibn‘(pH 4.2) and .figure
2115>(B) shows a reinnervated soleus muséle stained for
myosin ATPase activity after acid pre-incubation (pH
4.2). - . - | .

In Ehe reinnervated ;G/the.fast and slow (oxidative
and gHycolytic) fibres ggnded to form bands across the
muscle in the dorso—véﬁtral direction. Dorso-ventral
'bands of fascicles of‘very small atrophié fibres were
seen "comprésgéd“ in thehbeily of :einnérvated muscles
or}fﬁong-the edge of the muscle, frequently ih animals
studied wjphin 4-6 months of nerve suture and less.ofteag
after longer périodsﬁof reinnervation. A reinnervated LG

muscle with-a band of very small atrophic fibres
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Figure 3f14 (A) Control LG mu%;lezstained“withuNADH-D for
oxidatjve enzyme activity. The superficial part of the,
muscle Jg entirely f.g. fibresl Oxidative f.o.g. and slow
fibres appear in a mosaic in the d?eper parts of the muscle.
(B) Control soleus stained for myosin ATPase activity after
acid pre;incubation (pH 4.2). The fast (f.o.g;) fibres aré
light and are seen in a mosaic diStributed‘evenly throughout

the muscle. (Magnification x26)
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Figure 2. k ,(A) Relnnervated LG muscle stalned for my051n
,ATPase act1v1ty after ac1d pre- 1ncubat10n (pH 4’2) Fast
fibres are light. Fast and slow fibres are- markedly
v"type—gfouéed;.or separated (B) Reinnervated soleus musele
stalned for my051n ATPasq activity after alkallne |
pre—lncubatlon (pH 10.4) Fast fibres are dark and are found

{
mainly in one or two clusters (Magn1f1cat10n X26)
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,15 shown in flgure 2 16 Most of the fast f1bres in .
relnnervated soleus were found 1n one or two clumps and
,atrophlc flbres were usually seen at the perlphery of -
4the muscle or near one end. Flbres of relnnervated
.soleus stalned almost\un;formly for oxidative enzynesi
(NADH-D) hut fast‘and slow fihres could be‘identifiedwby

'the stain for glycoclyticlactiyity andvmyOSin"ATPase.

2. 3 3 4 Comparlson of the H1Stochem1cal Propert1es and
vthe Motor Unit Populatlon of Relnnervated Muscle

'The proportlons of f 0.9, f g and s, flbge types
for control and relnnervated muscles are. shown in a.
h1stogram in f1gureq2 17 and compared w1th the

proportlons of FF, FI; FR and S motor un1t types before

and after relnnervatlon. (n b. For purposes of

comparlson the FI motor unlts for whlch t
'separate correspond1ng flbre type are grouped ‘with the
FR unlts, 51nce they are. more f?kefy to be of the ‘same
v"histochemical ﬁype, and this group are compared with the’
_h1stochem1cally f.o. g fibres) o

“The proport1on of motor units of each type and the
proportlons of h1stochem1cally 1dent}fled flbres
correspond falrly closely rn-the_control and the
re1nnervated LG (flgure 2.17 A). The ;éinnerwated LGQ
contalned 51gn1f1cantly more hlstochemlcally slow flbres

‘than the LG.control muscle (33% vs 9% ) and had 28% slow

motor units in contrast to 17% in the controls,
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F1gure 2.16 A portlon of a re1nnervated LG muscle stalned

' for my051n ATPase after alkaline pre 1ncubat1on (pH 10.4).

‘Bands - of very small atrophlc fxbres are seen compressed in

the belly of the muscle. Th1s muscle was studled 5 months

after nervg{sutu;e. (Magnlfacatlon x300)
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B) Soleus D :
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Flgure 2 17 The relative proportlons of each typefof motor.

unit and each type of h1stochem1ca11y 1dent1f1ed flbre type.

The proportlons of motor units and fibre types correspond in

the LG muscle both in the control and relnnervated muscles

(A) Wh1le the proportlons of motor unlts and flbre types

correspondrln ‘control soleus muscle as shown in (B) this
. . ) N . R

. T . - . »
relationship is" not. found in the reinnervated muscle.
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In stfiking contrestfto the‘correSpondenCe'between‘
’the nnmber:of slow-motOrlunlts end the'nUmberﬂof |
‘Ihlstochem1callv 1dent1f1ed slow muscle flbres in the
'relnnervated LG muscle, there was l1tt1e correspondence
between the hlgh proportlon of hlstOChemlcally ‘slow
flbres in relnnervated soleus and the much lower
‘proportlon of slow motor units (f1gure 2.17 B)'The‘high
'proportlon (82m) of slow motor un1ts 1n control- soleus
corresfonds well to the proport1on (80%) of -
h1stochem1cally 1dent1f1ed slow (ox1dat1ve) flbre types.
In contrast the relnnervated soleus retalned a hlgh
'proportlon (67%) of" ox1st1ve flbres w1th slow my051n
ATPase as 1dent1f1ed by the ATPase and o
a- glycerophosphate stains wh11e the phy51ologlcal data“
1nd1cate that relnnervated soleus contalned a much ‘lower
'proportlon (33%) of slow motor units than control' ‘
:muscle. £All fibres 1m.re1nnervated soleus stalned
relat1vely strongly for ox1dat;ve enzyme act1v1ty so the
NADH- D stain was not con51dered a rellable indicator).
The.proportlons of slow motor units in both LG and
solens after reinnervation were siniler and the value is
close to‘the propottion of 35% slow motor axons in the
reinnervating nerve. Thus, there appears to be |
resiStanoe of:slow muscles to conversion&of‘fhelr
metabolic pathways for enetgy*production undet the
~influence of the nerve, despite'theremonstrated

cogversion of their contractile speed.
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2.3.3.5 The Number of Motor Units and the Innervatlon
‘Ratlo (IR) of the LG and Soleus, |,

, Using the ?verage twitch force of the whele mﬁscle
‘and the average.force of eaEh‘tYpe of motor’nnit in each
‘muscle the number of motor units (and therefore motor
neurons)‘supplylng the control and relnnervated muscle
can be calculated as was shown in table 2.2 of the
prev1ous chapter for the control LG. Tahle 2.5_shows an
' estimation of'the‘number ef‘motor neurons and the‘

innervation.ratio of both control ehd reinnervateﬁ\fG
and soleus. The inhervatioh ratio‘is'determined by
.d1v151on of the total number of muscle flbres by the
‘number of motor nerve‘flbres. There are. an estlmated 41
motor‘enits in the control LG:and 24 in the control
Soleus‘whiie reinnervated LG has 37 motor units and
reihnerveted'seieus 10. The yaiue‘for coptrollsoleus is
'slightly beloW'preyious eqﬁimetes of the number of, motor
4unirs_ih soleus of 32 (Zelena & Hnik‘1963), 3?,(Guttman
& Hanzlikova 1966, 30 (Closev1967)fand'27*3b;(Anarew &

Part 1972).

2.3.3.6vThe Innervation Ratio and Specific‘Tension of
Motor Units and Muscle Fibres !‘

The innervation 5ario of each type of moror unit
can be calculated as shown inltable 2.5 for the whole
muscles. The relative innervation retio (RIR) of each
type of motor hnit'is.calculated from the proportione of

fibre types and motor units. The innervation ratio (IR)
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of each'type of motor unit is then thé product of ifs'
relative innervafion ratio (RIR) x the‘abéolute'
“innervation rétio (abs. IR) of the muscie. The“spécific
-tension (mN.per fibre) of tﬂe mus;le fibrés of each type
of motor unitvhas been calculated}from the ratio of the
number of fibfes per motor unit (IR) and the:avenége
motor gnit'tensiOn. (The intermediate FI motor units
wereﬁgrouped with the FR motor units for this
calculation and‘compared with the fro.g. fibres as
explained earlier fo;'comparfson of proportiong of fibre

-

types and motor unit types). These valdés are shown in

table 2.6. ’ | |
Innéryation'ratios showing larger_motor uﬁité }n

coﬁtrol LG than 1in congrol‘soleus.afe consistent‘ﬁith,

the relative motor unit forces in the two muscles. The

innervation ratio of reinnervated .soleus motor units

4 -

approaches that:of reinnefvated LG and both ratios are
‘smaller than‘those for motor units in control LG. The
calculated 1nnervat10n ratios for each type of motor
unit suggest that after reinnervation ;he'fast motor
units in LG have fewer fibres and the slow motor unifs
are‘ldfgef than controls; In soleus both‘fasf and slow
motor ﬁnits have more fibres agter reinnervation.

The reduced average motor unit teﬁsion of FF
(glycolytic) motor units in LG after reinnervation can
be attributed to a con51derably reduced innervation

-

ratio for this type of motor unit combined with
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a lower specific tension for the muscle fibfes. The
specific tension of the fibres in the reinnervated LG FR
and S motor units is little changed. Although fibrés of
the FR and S{mbtor‘units i; control soleus have higher
specific tensions than fibres in the same type of motor
unit in control LG and reinnervated FR ﬁib:es'inlsoleus
continue io have high specifid‘tensions,‘the fibres 1in
reinnervated soleus siow mofdf units have much ;educed
specific tension - lower even than those of control LG
slow motor units. Low forces found for slow motof qnits
in reinnervated soleus result from the lower specific
tension of fibfes2

Superficial examinatibn of unfixed muscles indicate
that allﬂfibrés of rat soleus cross the mid-line of the
muscle (where sections were stained and fibre counts
made). Figure 2.18 shows the superficial portion of. the
LG compriéihg 3/5“of the'cross;Séction at the'widest
paft'of the muscle belly (wherg our sections were
counted) is pale. An éstimated 98% of the fibres.in this
part of the muscle cross the midfline and were included
in the fibrés counted. The deeper 2/5, wﬁich contains
all the’slow fibres and 95% or more of the f.o.g.
fibrés, is red. The fibres in this compartment of the tG
»aré shorter (6-7 mm) .and run obliquelyvdis{élly from
dorsal to ventral and towards two Kﬁalf—septae' which
extend i) from tﬁe proximal tendon to just below the

mid-line of the muscle (13 mm) and ii) from just above
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Proximal

Figure 2.18 The ventral surface of the rat lateral
gastrocneﬁ?bs muscle show1ng thé red, deep 2/5 which

contains all of the slow and 95% of the f.o.g.:fibres.

Fibree'in this portion of the muscle run obliguely as shown™

and are much shorter than the pale fibres. 98% of the fibres
.in the pale superficial part of the muscle cross the
mld—llne Est1mat10n of the proportion of flbres of .the LG
" counted at the 'mid-line' of the’muscle suggest that fibre
numbers should be incteésed_by not more then 20% and
proportions of fibre typés“mightpbe affected but the error
would be no greater than 10% A sl1ghtly greater correctlon
would be needed for atrophic muscle owing to 1ncreased slant
of the shorter fibres in atroph;c muscle.

w
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the mid-line @f the muscle to’ the distal tendon-(T4“mm)
ih a muscle belly 24 mm long (flgure 2 18) It can be
g estlmated that 22 of the flbres in the red Dort1on of
the muscle wvere not. counted at the-m1d-sect1on. A
: calculatlon of the- total\proportlon of fibres not
cr0551ng the'mld—llne would.result ina correctlon'of
<20% 1n the~observed muscle flbre counts and. not more‘
than 10% 1n the 1nnervatlon ratlos. These probortlors
mlght be 1ncreased in relnnervated muscle due to atrophy
of the muscle hav1ng caused an 1ncrease the angle of the
\shorter obllque flbres w1th the long axis of the mu5c e.
Appllcatzpn of the. calculatlon of 1nnervat10n
rat1os to the soleus muscle motor unlts as shownain
table 2. 6 may be less val1d ow1ng to. the small sample of
motor unlts studled ih both control and nelnnervated
muscle. The numbers caculated can nevertheless prov1de
an. 1nd1catlon that s1m1lar relatlonshlps can be shown
between motor un1t types.;The result of relnnervatlon in
soleus corresponds with that 1n LG in many respects.-]
Motor units in control soleus have con51derably fewer
f1bres than correspond1ng control LG motor unlts. After ;
re1nnervatlon the slow motor unlts in soleus have 4x theﬁ
number of fibres of control soleus slow motor units and
_more flbres than are in reinnervated LG slow motor un1ts
whlle the fast motor units have normal numbeﬁgghf <

flbres. This. 1s in agreement with the deductlon made in

the precedlng sect1on that fewer nerve flbres reach

4
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Lo
soleus muscle, and that the slow fibres that do
re1nnervabe soleus form large motor unlts in agreement
w1th the flndlng by Lew1s et al (1982) of very large

. B
.slow motor ‘units  in re1nnervated cat muscles

2.3.4 Discussionif
It is clear from these results that thelmetabél1c

‘ pathway preferentlally ‘used by a muscle and its enzyme

proflle are partlally re51stant to the trophic control of

the motor neuron. The‘good correlatlon betweenvthe
hlstochem1cal proflle and. the phy51olog1cal propert1es of

the motor . unlts whlfh has been found for normal muscle
'r(Burke et,al T973) has been dlsrupted 1n the relnnervatedi
soleus muscle' Although the fibres of the orlglnally fas/JLG' ‘
_muscle have altered thelr enzym1c characterlstlcs in such a -

. x, k)

”‘way that%motor un1t and hlstochemlcal propertles remaln well

fﬁ.correlated after re1nnervat10n, the flbres of the orlg1nally
‘slowksoﬁeusﬂmuscle gemonstfate'a hlgh degzee of res1stance
to alteration of their norm;lly oxidative«profile and of the
ac1d*stab111ty of t%elr myosin ATPase enzymes even: when
N

-{eﬁhnervated by a fast motor. nerve. Although relnnervated

so!eUS has a shorter contractlon tlme than control soleus,

it continues to be primarily an oxidative,'fatigue—resistant

muscle vhich has a higher proportibn'of oxidative fibres

w1th hlstochemlcally ac1d stable slow myosin ATPase than_ -
< / : S

predlcted by its small proportlon (31%) of slow motor ung

B

~,
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This iS‘ih agreement with recent reports of a largei'
Lpercentage‘change in. the contractlle speed of

. cross- 1nnervated cat soleus muscle accompanled DV'a much
rsmaller percentage change 1n the h15tochem1cal flbre types

"_of the muscle (quke 19803 Edgerton et al 19805 Bagust et al
‘h1981 Gauthler et al |1983). Other reports of'asymmetrrcal
'effects of cross'relnnervatlon on fast and’ slow muScie afso

conflrm.the retentlon by the slow soleus muscle of -an

ox1dat1ve proflle (Prew1tt & Salafsky 1970; Sreter et»al

1975). ‘ -

Altered 1nnervat1on of muscle causes synthe51s of an'

>

eaiteredﬂmyosln isoenzyme (Hoh et al 1980 Gauth1er et al

&

.1983) but the hyosin is not completely re- speC1f1ed
:Cross relnnervatlon of cat soleus by the nerve of a fast
muscle was not able to suppress synthe51s of a, slow my051n
llght chaln'even'after 15 months. The productlon of an - .
altered hybrld my051n 1£oenzyme wlth dlfferent hgavy chalns
(Gauthler et al 1983) in rat soleuszpnder the‘lnfluence.of
an increased prbpdrtiohﬁéf fast‘metor heurdhs‘c0uld expiain
the change in the. eontractlle propertles of the re1nnervated’
. muscle- Fallure of the nerve to: suppress the p{}:gctron of

,slow my051n llgh@ chalns coui&veﬂplaln the dlSC pahcy

v g

r}betyeen motor %ilt propertres and hlstochemlcal proflle. It
eCBn be cigcluded that convér51q$nor partlal conver51on of
.low muscle under the 1nfluence of its motor neurons-can
result in muscle with shorter contractiontégg*hav;ng a

faster myosin ATPase which has a mixture Of gavy and light
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‘chain components but continues. to react histochemically as
slow, acid-stable myosin ATPase.

‘There is a tendency for'the:motor units to have size
relationships similar to control muscleﬁin,both fast and

slow muscles after relnnervatlon when force is used as-the

e :
cr1terlon of- s1ze, regardless of wh1ch target muscle has‘

" '
been relnnervated by £

®'y4]

regardless of the formef'i?be of the muscle flbre as- rf

vand slow nerve axons, and

| descrlbed for retention of normal contractlle speeds in the
previous chapter. Relatlonshlps between s1ze (force),
contractlon t1me and re51stance to fat1gue of motor unlt

”types can stlll be demonstrated after relnnervatlon for the

A
X

ajorlty‘of motor‘unxts. The,force and}fat;gue resistance of -

‘motor units as well as the contractile'properties are L
.related tovthe type of neuron innermating the muscle:fibre.

1i Although relnnervated motor unlts show a much smaller .
range of forces the relatlonshlp between 51ze.as indicated
by tetanlc tenS1on and contractlon tlme (flgure 2, 12) is
slgnlflcant at the p<t0 05 level. The calculatlons of tables
2, Q\and 2.6 1nd1cate that there is a gradatlon in the number
of flbres per motor un1t in control muscle which agrees w1th ,
the gradatlon of motor unit, forces.-In control muscle ‘the C\/”
fastest motor unlts tend ‘to have the'largest number of
_flbrés‘ag wvell. a;bthOSe w1th the greatest force output per
fibre. After reinnervation all motor units in LG and fast

‘motor un1ts in soleus have 51m11ar numbers of fibres to each

other while slow motor unlts have greatly 1ncreased numbers

3
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“of fibres in both muscles. Oxldative.fibres in control
soleus (f.o.g. and s.) have greater'specific tensions than.
lthose in LG. ThlS remains true for soleus flbres
relnnervated by fast nerve (f 0.9. ) but not for soleus
f1breswfe1nnervated by slow nerve (s.), Fast fatlguable
| fibresjfn the fast LG and slow fibres in slow soleus are:
found to have greatly reduced Specificytensions after
reinnervation ' S A - ;

]
/

Cla551f1cat1on of motor unlts by means of the "sag
cr1ter1on‘resulted in a ”less power ful Fractlon of slow
un;ts relatlve to the number and size of the hlstochemlcally

slow fibres... and led to the conclus1on that slow fibres
rwererihherehtly weaker than‘fast flbres (Rernell et -al

1983). Although the flgurgs ‘cannot be dlreq;ly com;ared

since other reports estlmate spec1f1c ten51on as kg cm? (Dum

et al 1982- Kernell et al 1983)‘the methodwa class fication
used here also shows slow flbres to be less powerful than %
fast flbres.'Each type of soleus flbre has greater specific
“tension than the correspondlng type of LG fibre. Whlle the
motor neuron seems able to 1nfluence the force output of
muscle fibres as well as contractile speeds,-intrinsic,l'
- .muscle properties also appear to influence force ouput.
S The 51ze of the sample of motor units limits the

confidence that can be placed/ln the 1nterpretat10n of ~the
datavfor soleus muscle.'However, each motor unit property
examined in the sample of motor un1ts studied in control

soleus and in the motor un1ts in both muscles after

a .
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reinnervation fits into the scheme of'classificationniound
for notor units in cOntroluLG (109 motor units).
Cla551f1catlon by rhls method has produced results that-

‘

agree w1th c1a551f1catlon as established by previous . v
research on muscle" motor un1t populations {(Burke et al 1973;
KUgelberg J973; Chan et al 1982; Dum et,al 1982) and
-therefore lends cohsiderable credence to the results.

| The loss of 29% of the original nerve fibres and of
"20r30%.of the mpscle fibres and the continuing atrophy'of
\mmuscle'fibres rndicate either.that‘SOme nerve axons failed

- to reach or failed to make successful contact with |

denervated muscle fibres or that therq has been some form of

flnapproprlate matchlng of nerve to mdScle and subsequent

. dw1thdrawal of‘synapses, In elther case the fast motor nervesA

d1d not 1nnervate a greater than normal proportlon of muscle
flbres even in the presence of denervated muscle flbres
Guttman & Hanzllkova (1966) reported a 1oss of one th1rd of
the muscle fibreS'and 46% of the»nerve fibres in
.reinnervated'rat soleus and Bagust et.al_(1981)'reported a
simiLar loss of nerve fibres'without increased motor unit
size Our results indicate an ability for slow motor units
ddto 1ncr€ase in size - both in force’and~in numbers of.fibresc[ﬁ
- in both the fast and slow muscle when relnnervated and
tend to agree with“the report of Lewis et al (1982) of very
large slow motor units in. relnnervated cat soleus
_ These results also suggest that many of the results of

prev1ous experiments in which 1ncomp1ete~conver51on of whole
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, muscle broperties after crbsé;innérvatioﬁ“was'foUnd (Sreter
eﬁvél 1975; Bagust et fl 1981) may be explained in pgrt.oﬁ
the basis of a mikedvpéﬁﬁlation of motor units in
reinnervated muscle and in part by a limitatiéh in the
trophic influence of‘fhg nerve in transformation of muscle

fibfe prqpertiés.



Conclusion o .

L]

In éummafy; it aopears that many of the contractile
properties of muscle fibres contlnued to be associated with
the trophic influence of the motof neuron and the changes of
mybaln 1soenzymes induced by altered 1nnervat1on (Sreter et‘
al 1975; Hoh et al 1980; Gauthier et al 1983). On the other
hand the ox1dat1ve propertles of soleus muscle flbres
appear. to be 1ntr1n51c propertles that are resistant to
‘neurotrophic control, ’

Reinnervation of muscle by fast and"slow moter neurons
has been demonstrated to be non-selectiveé. The btobortion of
elow motor units in hoth reinnervated muscles was found to
be the same as the proportion of slow f1bres in the nerve.

A

Although there was a proportlonately greater loss of slow
nerve fibres after relnnelvaﬁbon “ those flbres that surv1ved
were able to relnnervate much larger motor units than in-
control muscle. Muscle fibre specific tension was reduced
after reinnervation in the fastest fibres of the fast muscle
" and the slow fibres of the slow muacle. \

| The dorso—ventral "bands" of type—-grouped LG muscle
fibrés give the appearance_of.ahstrong role :65 contact
guidance Envthe regrowth of the axons“of'the cut nerve, as
does the regrowth of the nerve to soleus through its former
‘perlneurium. It is likely that the nerve re-eptered the LG
muscle by entering its orioinal'connective tissue sheath at
the musele surface. The connective tissues of both the nerve
and muscle.appear to have plaYed an important rolekin

144
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directing relnnervatlon by prov1d1ng "contact guidance’” for
'the re-growth of the nerve. ’ PR .

| .The,étriking compartmentalization of each type of_motor
unit and the reduced force of fast motor units in |
reinnefvated muscle will impair the fine control oﬁ
movement..fhe phasic fibres'needéd for guick laége-écale
movemonts are clbarly no longer locatea approprlately in the

superf1c1a1 part of the muscle in LG, and some former LG

‘motor neurons now innervate soleus muscle, raising the

. gquestion of whether the effects of reinnervation will be

more maladaptive,in the LG muscle. The fact that the

'postural soleus muscle has retalnnd its oxidative metabollsm'

+

‘may allow this muscle to continue to perform its original

function with less disruption of normal function. -
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