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The, process“
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B Mtheiity f splnali roots- (L7 or S1) cbntrxbutxng ff# ;the;jfj..ﬁf

p1nnervat1on of tLese muscles.'gAt<fhe tlme of denervatxon,

§ !
IASurvzval tlmes of between 2 and 2.

e

1nto }motor un1t type

(slow contractxng,

?c ntractﬂon t1mq and'faj;gue 1ndeX‘gr

ofatzgue ) resrstant),

A

'res1stant) FI (fast contfact1ngf

'w:ﬁ;s1ze ofvthe resxdual

( h S

e

.' }andu compensated completely .: partzal

i .s _lo__w ; m,o_tO,.

’n.ts, but the f1na1 motot unrt force'was

R ,_.‘ o o ‘.‘KU__. e e
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Of relnnervat1°“ °f partxally Tdenervatedljﬁf”w.

o muscles was} s ud1ed in the trxceps surae muscles :of'wthef;

“1solataon and;stlmulataon. of - dxssectedf;ffu
'Pentral_troot fluameqts? cont ini ig the axon ‘of onry‘ onen

onvthe bas1s .o£3 twltcn‘f
FR (fast?contract1ng, ' fatrgue—”""
fatlgue.lntermed1ate) ot;j“

'_fast contractlng,vh1ghly fatiguable) 'P;3§*;fﬁ ;jv%;nf

:»: “w/» " . .
lateral gastrocnem1u 'ﬁuscles gs meisured by the1r~tetan1cufj

proport1on to the extent ﬁ}'musclef

Small extents 8f denervat1on were compensated'“

- e‘enlargement of slow motor un1ts,_wh11e Jargeﬂ

slow-and fast motor un1ﬂs For any extent of dene‘vat1on.a’

cat., . Partxal derervatlon vas’ a¢h1evea by sectxon of one o£4y~;

.months, motor unxts were;n" 

*}otor un1ts in the med1£1 fndi_;f;f7f

;denervat1on were compensated by enlargement 't”nfi' ‘
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?ffif?ﬁV Res1dual motor unxts of the soleus muscle often falledgfft

o

. fold 1ncrease.m;The

b & .

‘{tx adequately lenlarge and compensate vaor. part1ai*5fﬂhit
“gfq”’ 'dene5v3t1dn.v Most motOr un1ts d1d not eﬁlarge‘beyond a 4 61;fg,??

f1nd1ngs suggest that the 11m1tat1onf;_5“;

of these motor un1ts to enlarge 1s 11kelv to be _extrlnSlc:ﬁ-t

L. [t e . .
;0-_ S Lo e

rather 1ntr1ns1c to the motoneuron 1tself

WL . ' 22

SR Relnnervat1on of the muscle by axon regeneratlng fromj:‘“

fia.

,upfthej sect1oned sp1nal root took place 1n a nUm er

o N

‘Q.' \'The extqu to wh1ch thlS process contrlbuted to the tota&fw,f'":

-

re1nnervat1on of the muscle var1ed from cat to cat-“’it’ﬁaslﬁfﬂ'ﬁ

,;kf: greater’fln- klttens than in- adults,; greater‘=ﬂ Severelyf" o
":; denervated than 1n m1ldly denervated muscles, and greater

f‘ ”in_ lateral and meddal gastrocnemlus than 1n soleus muscle.a-

BN

than fast motor unltst'f“_fﬁ:

N

et al., 1971) 1s knoWn as the sag phenomenon and has beeng '

Regenerated slow motor un1ts also enlarged relatlvely more;fzfﬂ*

'-hThe decllne 1n force produced by unfused tetanl-.(Burke_l"':'

’]f'i_-'-usedw separate motor unlts 1nto slow (non sagglng) andiffﬂf'

ff%ﬁim fast (sagglng) Thes general agreement between_Q th1sr"

-v¢r terlon and h tw1th contractlon' t1me crlterlon ?to,f‘

.. oo

."dfseparate fast from slow MU s found 1yvmed1al gastrocnemlusfg;,‘v.

3

'nfmuscle wasl found ne1ther in. normal nor{ inv-exper;mental'

c_ -‘: . . . Y-

'd_fg'lateral gastrocnemlus\ motor. unlts.vf*; - F.Jf;' ST

v . . . . ;

Axon d1ameter as measured by axon potent1a1 amplltude,:”l

'h;dld not 1ncrease w;th muscle ungt enlargement in: the ‘adult!

',flc However,nlt d1d ancrease in the kltten
J' - » v ' o Vi T @
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~

\/-~~ . . a
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mot_r unlts acgu1red 1ntermed1ate vaers.‘ 51m1lar changesf

were observed for motor un1t fatlguablllty As'a resglp~0f‘

ut'the normal relatlonshlps among aan'”
*diameter, muscle dnit speed’of contractlon and muscle un1t;

| fatlguablllty were’ preserved in- sprouted and re establ1shed;ﬂ -
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'?;; o CHAPTER ONE'*INTRODUCTION }”"'
.L"f Sherr1ngton v(1929) was not only the flrst ?o
: o %,H .
,i?he' COncept ‘of the motor un1t (MU) but also the f1rst -t "
ecognlze 1ts xmp?ctance in the control of movemen} The if'ufiﬁ
(: Tl T . v oo
motor - nit (MU)r refers ‘to the comblnatlon of an - falpha
l°m°-°“EUf°“ | \and the . Setv'of skeletal | muscle- ‘fibéis
’ LN : T s .. 2 ; ." N 5,'.‘: "c. S
1nnervated by it Thus, a mbtor un1t ‘has. a neural s
-%:~)F-component “the. alpha. motoneuron, and a muscular component _-iky*N
- 8 _ .
e . 5
the set of mugcle f1hers supp11ed by the motoneuron. The *

AR latteruhas been called the muscle unlt\\(Burke 1967)

.

{\‘ I MUécles ‘are complex strugtures, generally made up of ‘a

gconstellatlonv«of muscle unxts oﬁ d1fferent 51zesl,and,h

L propert1es. 7Inv general » every muscle flber 1n‘a mature N

- . [us

' mammallan _muscle i§' 1nnervated ﬂy only one motoneuron

-

A _(Fefh@él et al.,, 1952) and every motoneuron '1nnervates-fe§ifﬁﬁ

UScle“flbers belonglng to only one anatomlcally defxned

';z usole. The number of muscle fxbers 1nnervated by .an. alpha

ﬂ“otoneuron fﬁnnervatlon ratlo) varles cons1derably, L e

e . - a

:2‘\é5endnng« onf'thei muscle 51ze and funct1on (rev1ewed by O

-« Stuart and Enoka, 1984)_and on motor unit typef o

' _11 CLASSIFICATXON OF‘MOTOR UNITS _A',,. ,A" T

E -MU s may _be’ d1v1ded 1nto two gfoups on .the basié of
fthel: tw1tch contractlon time (ﬁurke,f 1967) . In the medlal
_gast;ocnemius muscle of the cat,. £or example,'4uﬁfté, w1th

>

tw1tch -contraction t1mes of 40 m11115econds or less are

Tclassgf1edf§§-faét (F) whlle those w1fh twltch contractﬁon
S o . : R e




f'are among thenlargest 3n,the central nervous- system,: ‘and ¢

L

;.-'. .'f

.

”-contract1ng and hlghly fat1guable"un1ts,.7£§f1 ue 1n§ex
| oY AEerme

‘tget al:,. 19547,

RN

l,;h ba51s of the1r susceptlblllty,to .fat1gue,; ?

»1nferred to be smaller than those of F unlts. There»rs%nno

B - : R W

t1mes greater than 40 m1lllseconds are classxfled as slow
',-‘__ .~\ N

(S) Fast MU s in: turn are subd1v1ded 1nto three types on

1

o

N
<0 25) F Int- (fagt contractlng un1ts ) d1ate

fat1guab1l1ty,. fat;gue 1ndex >0. 25 but <0 75) and FR (fast

contractlng but re51stant to fatlgue-'fatlgue 1ndex >0 75)

(Burke et al.ﬁ 1971)

1 2 MOTOR UNIT ANATOMY AND PHYSIOLOGY

-~

S are loé%ted 1n the ventrolateral horn ofcz\e sp1nal cord

‘Favi/abundant dendrltlc trees (Altken and Brldger ' 1954)

‘f(fastf

‘:<1§z Alpha Motpneuron..Cell bodles of. alpha motoneurons R

The1r axons can~be as 1ong as- a meter in mammals and glve” :

) ‘-s

off a.: few collaterals before ek1t1ng the splnaf cord thesef{'

W,
collaterals . make .. contact 1nterneurons;
'.U o Agz_ﬂv. :

ifh Renshaw h
producxng the recurrent 1nh1brtlon of motoneurons (Eccles

'or they make contact w1th cell bod1es \of

WA

motoneurons 1n a motor nucleus.‘ Wheh an axon potent1al 15\

conducted _ll ‘the muscle fibers 1nnervated by that axon

w1ll be act1vated (Krnjev1c anﬂ M1led1, ¥958) That axon
b ~.

\

2

;axon drameter (Hursh et al.,.1939) the axons of S unlts are

‘\_"v e . T : 3.

axons 1nnervat4ng ‘type S unlts than in thosef 1nnerVating/

\ potentlal 1s also known to propagate more slowly in .motor .-
: <

&

we-

B

.:15 K

.type F un1ts. S1nce conductlon veloc1ty is. 1nd1ca{1ve ,of Con



“';c1ear; dlfference- between axonal conductxon velocxt;es bt‘f;és

's1m11ar 1n d“{mete
A

.&‘-'

Y i
‘

_Jtype FF and FR ut f:”'ndlcatlng that thelr motor.axons are '

(Burke et al 1976)-

'--Lnnervated by one alpha motoneuron 1s called a muscle un1t:‘

<

"(Burke, 1967). Slnce the experlments performed by Edstrom' _
mand Kugelberg (1968) 1n the rat 1n whlch they depleted thei:

- muscle f1bers of 51ngle MU s of the1r glycogen by prolonged:‘ﬂ'

.._ St S

- act1vat10n of thelr motoneurons, 1t has been clear that

a.\ 1

~ e

fmuscle\wflbers of a g1ven»MU are scattered throughout

a ‘-4 G

-exten51ve terrltory.n Th1s large.terrltorgfoccup1ed by '5

~

apparently random dlstrlbutlon of"muscle f1bers of a- mUScle‘

w:

\ “oa l

lsameq.:cross sectional 'area." Burke and Tsa1r1s (1973)h

e

shared by up to f1§ty other muscle un1ts Muscle flbers of’:t"

';broper'1es (Edstrom and Kugelberg, 1968) however,-thexr

N

'ﬂmd1ame er can*vary from 2 to 8 fold (Bodlne, et al 1986);‘

~.1.2,'3.

<

ad rect mea%urement of the muscle un1t terrztory In mostm

,mh cles studled the terr1tory varies from 10 to 30 percent
- .

'vMuscle‘ Un1tg.Terr1tory It 'isu deflned 'S’ the

. is telatryely-. large and most f1bers _ﬂave 'nOgg

1.2:2. Muscle Unit. . The set of ’skeletal muscle flbérS’-'fl

'_unit,,,leaves room for many other muscle un1ts to. share thef_vr
"estimated that the area occup1ed by a muscle un1t fcanv'bef '
show' 51m11ar» h1stocheﬁ1cal *]aqa<. phys1ologlcale"

perc ntage of. the cross sect10nal area of a muscle occupled*' '

the total muscle terr1tory 'In~general the muscle Unﬂﬁy‘



,_”contact

“sca

- é»f’ T

. - ) :k,.'“ .
_w1th other flbers of the same muscle unit' ?h1s

.,,0.

"toh"the process of re1nnervat1on of partlally denervated;

\

3

scatter1ng d1d not ex1st,"axotomy of motoneurons wh1ch

R
N

h_erxng of muscle £1bers¢of a MU 1s pr bably s1gn1f1caqtf

toke

._‘muscles where motor axons of the resxdual MU's canureadllyi{€?ﬁ

'of;;sprout and re1nnervate denervated muscle fzbers. 1 f thls;n'

suppl1ed, contrguous- muscle_ un1ts wQuld result n, largeg

jother words,' there' would-be an - 1ncreased dlstance ~and

-

.,'
-

axons %nd denervated muscle flbers.-_,, .fpﬁqtﬁ"fgh
. \_ » _,(‘ Lo i ° o .

)

muscle flbers by the number of alpha motoneurons dld :tfp_fl

~ denervated’ areas ,wrth no 1ntact motor axons 'nearby*'"lnﬂ
‘-aintramuscular ’connective tlssue between Sproutipg mbggrg )

-1 2,4, Innervat1on_ Ratxo. It is- deflned as the number,fofff-t'
: 'musdle flbers ;1nnervated by an ,alpha motoneuronf Early"

‘1nd1rect estlmatlons made by d1v1d1ng the total number ofﬁ

s . o

take 1nto account the var1ab111ty of rat1os among dlfferent'

'“large 11mb musclés: sd@h as. the ;med1al gastrocnemlus,

‘.

\

E - . . . /v\

and 20 f1bers per muscle un1t (Burke, 1981?

e “ °

1 2. 5 watch Contractxon Txme (txme to peak tw1tch force)

:fMU types.» However, general conc1u51ons were made ng“"
jvlnstance, that 1nnervat10n ratlo decllnes w1th muscle mass._'v

QIRatlos can be as large as’ 600 flbers per muscle_;unlt dion“

'esmaller for 1ntr1n51c muscles of the feet and hands such as__i
tthef.fxrst lumbr1ca1 .‘whose value 1s about 100 flberS-wper: e
v'muscle un1t (Felmsteln et al., '1955) and very small foru

'the t1ny extraocular muscles, whose values are between 13't

'i:It}’ nges 1nformatlon about th 1ntr1n51c',speed ‘ off



s - -~ .

}fiéotiVation ‘of the contractlle machxnery of a MU (Buchthalﬂgr‘“

gexhiblt»a 3 5 fold[range of contracx1on t1mes (McDonagh

}al., 1930) i C o - ’

'f1 2,6 "Sag Phenomenon. It is- def1ned ds the decllne .in]'

fforce produced byv-unfused tetan1 durlng -l one second~“

._‘

??anngchmalbruch 1980) Muscbe unlts of a ngen muscle ¢anﬁJw

"repetztlve st1mu1us tra1m>w1th 1ntershock 1ntervals set at o

o 125 percent of the contractlon t1me (Burke et al.,' 1971)

‘ L s 2
Such -a‘,st1mulatlo*»reglme-causes _nerther.'neurOmUSQUIare4
ES o ) B :

N

_tran§h1551on fallU '-hor‘ contractlle feilureﬁlzsag_,isg_Vy

‘exhlblted only by fast un:tsg and " has been‘.usea“fiihle‘

j.preference to contracxlon t1me to d1st1ngu1sh faSt~ from_ﬁ*

A

.h?:slow MU s (Burke é§4al S 1971) However the mechanlsm of:

. savg' B

controver51al (FleShman, et al 5>1981) After relnnervatlon

Au’..r - —

denervated muscles thls cr1ter1on 1s less pred1ctab1e,

e

'“,fc1a551f1e$ as slow desplté bv1ously fast Eontractlon tlmes-"’

3
)\‘4

ﬁ(Thomas., 1986) elﬁﬁitcﬁ'[fﬁ o

';Fat1gue . Index.wiIt',is‘ a measureylof7'the ‘MU

‘SUSCEPtlbllltY .to fatlgue and is def1ned ‘as the“ratio"of'”

<

oﬂfOrce developed after two mlnutes of tetanlc stzmulatlon to”
”Efthat developea “at: the beglnnxng of the the test (Burke,i'
f?197s) ki | |

syt S
- toal SRR : @
7,’ ‘, . ‘\

'1;1.

. u" ' _'.‘-( M R . .7.\..~_ LS I TR
) ’ ST
- .
.
. . L9 L.

: s known and the usefulness fo eh}s vtest.-isiﬁ

5there f@fe; MU s that do not sag and therefore .could be;sii

;2ﬁ7, Force. MU s produce forces whose amplltUde 1ncreasesb'\:

the following order. .Sv<»ER'<' FF, w1th con51derable:.»k



's;m1111newtons (mN) for the small

—

*'ﬂi”r

'\ﬂoYeriab betWeen-Saand FR*units.f The force produced by a MUl,'V5

<¢jdepends on the follow1ng factors- 1nnervat1on ratlo,.uthe;;fi

r_'average' cross sect1onal area of the 'muscle f1bers, ;andl‘

hf.spEleic tens1on (Burke et al.,, 1974) In a-mixed, musclef}:

.~.‘.

_liker”th MG dof: the cat : thg\iorce can, vary from 10{f”ﬁ9
g gy

the largest FF unlts.-

a o

t. 5 un1ts to 1000 mN :Sorrfﬁ:l

ThlS‘ structural and phys1ologlcal organ1zatlon allows.;’

Jthe muscle to perform functzons requ1r1ng deferent degreeSf_- :

Cox

ot prec151on and force ;'i:" - d | f:-._;_ L

b

31 3 SIZE: PRINCIPLE

‘recrf.‘<, ; f MU 's, startlng from‘.the, smallest p;to'

! . [

ijpfb...;ﬂﬁ;§1y largerlones.a ThlS pr1nc1ple establlshesj{an_?jh

'tzﬁ(Henneman et al., 1965- Henneman, 1980) ih%f* o

A

2

O

uactlon potent1als more slowly and produce smaller forbegg,ﬁ’

o i

<.

'”_:'have axons -wlth faster.conductlon' velorlties, 1nnervate

fln_;ab mUscle, pthe smaller MU s are the 'first-fto"beﬁ”

Henneman s e s;ze prlncxple -refersttovjthe orderly'f,

*'uated they have axons W1th smaller dlameters conduct-f7"

”».'-The larger motoneurons are the last to be recru1ted ‘ theyg;i.'

fmuscle :un;ts.:that contract faster and produce, blgger“ '

'fforces.j'An"Zlnverse reIationsh1p between contractlon t1mevf
”E.and tetanic~ force ?15 always demonstrable (reV1ewed by»

) Stuart and Enqka, 198%? The 11near correlat1on between

ot

“axonal conduct1on‘ veloclty and force is;j_in general.~¢tnx

c e e o Lo N
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1 3 cgnnz‘sponnsncs B\EéI‘WEEN ms'rocnamital AND PHY‘SIOLOGICAL

PRéPERTIES OF’A MOTOR UNIT.

~ IR -

| h1stochem1cal ' unlformlty, ‘fas;-fwell_ as phy51olog1cal -

"fhﬁ;homogenelty w1th1n .aj given. }mfizzfnitially proposeda-by"

Henneman \et al (1965) has proven to be correct 1n rat o

AN
. muscles (ngalberg, 1973) and 1n cat muscles (Burke et ab.,

[

1973) f Mﬁos1n fxsoenzymes can be brecognlzed“ and he_d-

‘; preferred aeroblc“ and/or anaerdblc pathway5' ut1112ed. by

L

B iy,
enzymes (Peter et al., 1972 Brooke and Ka1ser 1970)

-ﬂ;*histochemrcal ‘1dent;f1cat1on of glycolytlc and .ox1dat1ve 3

‘"dlﬁfereng_ muscle‘i flbers ;'oan-adbe d15t1n9u1shed thﬁu

Muscle flbers belonglng to FF motor "unltsf use_ théy{‘f

(

”hanaerpblc . glycolytlc pathway and correspond to ;the FG

Se

Lfy(also Rnown as IIB or: FF) muscle £1ber type.f This type of

“Jflber? belong1n§\rto slow motor unlte-use ’the ox1datxye,

'(aeroblc\ pathway and correspond te the SO (also known as. 1

L

og S? muscle flber type.: Thas type -of MU is res1stant jto

’f%tlgue, and su1table» for long last1ng, -low’ 1nten51ty

act1v1t1es.' Muscle fibers belong1n§ to FR: motor un1t§\\\¢ia oy

- both pathways and correspond to the FOG (also known- as IIA
{or’vFR) muscle flber type : Th1s type of . MU exh1b1ts

__*1ntern§d1ate fat1guab111ty and force (Burke et al.; I973).

.

~ .
~

A

k.MU 1s'su1tabl “for brief, h1gh 1nten51ty actlvrtles Muscle -

~

F'stronger rn small muscles than in large ones (Stuartf;andiw?'f

hypothesls that vthéﬂf mgscle f1bers ‘v'fsh%y‘;,”,

.
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1 4 MOTOR UNIT ADAPTABILITY

EAN

'-f1}4;j,_y Adaptab111tyg, v ; usage,f:”eiercise}

st;mulat1on and cross relnnervatlon. There‘f’

’:;evxdence-- support1ng the :1dea “MU "1nterconver51onb '

(transformat1on ,ofm one. type of Mh~:

ev1dence f comes from hbstolog1ca1, 'blochemlcal a‘d
e ' v

"phys1ologlca1 studles-ﬁqu whole muscles that haVe_ beent'

subjected to d1fferent exper1mEnta1 man1pulat10ns.

- type hI flbers were r placed by. type I flbers wzth age,“
-4 -f‘suggest1ng jai coﬁt1nuo§¥

-—-._‘_‘ : S . ?

durlng the rat S 11fe span.
Phy51caf exerc1se 1ncreases the4£orce and res1stance of .-

ﬁﬁhea[\ )11e f1bers to- fatlgue (Bernard et al., ¢1970)r‘31tﬂ7

“falsc:,hausesifane 1ncrease in the sta1n1ng “intensity for ..
Sl " . P Q" ‘ , s ;
oxi_‘t1ve‘ enzymeS‘-of theumuscle frbers ‘(Bernard , - 1970),

"wh1ch is' cons1stent w1th 1ncrea

R R

electracalfﬁ"y

f abundantf};“i

intp -another) ThqufVﬁ

Kugelberg (1973) Qbserved in the rat soleus muscle thatfﬂ””

red15tr1but1onf'of‘ soleus" MU”s o

_‘d re51stance to’ fatigue.irf

Inv an1mals :cn.-endurance tra1 1ng programs . (treadmlll' -

runnlngl there is an 1ncreas ~1n FOG-and a.decrease-ln-_FGVI

: L O i N .

fibers of \the plantar1s an
o -

muScle flbers of chron1ca11y exerc1sed anlmals have a
o

greater number(—cfo caplllatles _and;' therefore,' greater

gastrocnemlus muscles.';FOG

A aeroblc capac1ty than FOG from control muscles. Hypertrophy:,fn

#

of muscle f1bers of the FOG flbers occurs 'i endurance**u

endurance' train1ng program, but no changes.occur 1n FOG'h

tralned muscles of the gu1nea plg (Edgerton et al., 1973)",fl

4\; ' Iﬁ.man,A hypertrcphy of SO fxbers occurs after ‘a’ s1x month"'::'



‘:ﬂﬁ_flberSw(Gollnlck et al.,{ 1973) We1ght letlng selectlvely

'?Tenlarge FG . f1bers (GOllﬂle et al.,v 1972) These resudts‘

Y

‘ suggest \that pattern as- we&l as type of exerd1se tra1n1ng

plnfluehces the adapt1ve response of e ch MU type.

Guth and Yellln (1971) showed in the young rat that’;anbf "

).,

»1ncrease 1n postural load upon soleus muscles by removal of

:its' syneﬁg;sts results 1n a relat1ve 1ncrease of \type fIm
: ®:

fibérs Watt _and Goldsplnk (1984) studled tpe effétts\ of

~dynamie exercise. (Jump1ng) agQQStatré'overload (synerglst
téhotomy) 1‘ soleus muscldaﬁﬁfguvenule rats. Theyv found;xé?;f

. L R
».thatusynerglst\;enotomy enhanced the normal ttansformation_

of type IT int type I; and that_dynam;c,exéfélseldela&ed-h{'ﬁ
R AT T EESE S S T
'such transformat1on. L »'k;"?g t;.”nfg;'.'v sho 0k

.‘q A} .
ONC

Convers1on'_of FG and EQG muscle flbers 1nta. SO f1bers
A N
has = been _achleved through chronlc electtlcal st1mu1at18n

(Salmons and. Vrbova, _1969 Pette el ar., 1973) Elecem1ca1'”7%k

o stlmulatlon of a motor nerve to a fast twltch muscle at 'a'v,

~

‘.frequency s1m11ar to that of a slow MU (10 Hz) ; transforms”*"

-the mechanlcal bloohemlcal and hxstolog1cal pro t1es ofnf

,3that muscle 1nto those of . 2 sloivtw1tch\muscle (Al Amood’ét
al., 1973-} Brownﬁ ,et%" Transformat1on of the:mllj

LB

slow tw1tch -soleusj muscle 1nto a'fast thtch muscle» hasﬁ'

‘also, been achieved thrOugh d1rect*electr1cal st1mulat10n o£:
L

denervated. soleus muscle at a 100 Hz frequency‘:iLomo t”“

»
..

al., 1980). T S T I
When 'the nerves. to a.fast-and to a slow muscle ‘are

N



'5“fre1nnervated musclel un1t ,than':forv;af normar* one, " and

\

" .
. e

Vlﬁﬂfsﬂ4, 2. Adaptab1l1ty to 1njury and dlsease. When. all

ST

tw1tch muscle 1s surg1cally connected to the diésgl, stump

‘“7\of the nerve to the: slow tw1tch muscle ,r” v1ce Versa*

(cross regnnervatlon) the cro s relnnervated fast tWItCh

muscle acqu1re5‘the propertles of a. slow tw1tch muscle ”andfh

. -Q .
‘the cross relnnervated slow tw1tch muscle ac ulres those of. .

~

1 a fast tw1tch muscle (Buller et al.,'l1960'> Close and Hoh

~.
4!

~\‘.

RE

S

- experlmental ~cond1t1o,s

S

“Qs\\ered axons can regenerate and re1nnervate the muscle. In
. \

propertles of the muscle flbers they 1nnervate.; :;~ffi S

“such cases, the scattered d1str1but10n of muscle un1t seen'

." .

in' normal mu9cles 1s replaced by a more local1zed group of

,t.w. X . .
¥, .. r / - -

f1bers (Brooke and Engel 1966) Kugelberg and coworkers

v

sectloned and the proxzmal stump of tﬁ \nerve to the fast-'; :

Tl

1969) : supportlng the, 1dea that motoneurons contrpl thé; _

[e: prox1mal segments"of the,,-,

~ 0

(1970) found that MB terrztory ,1s ,smaller _‘for Ja‘

Vlﬂ L .

o" o+ . o Y .

BRI B e,

W .
jextent/ determlnlng the boundarles of he"relnnervated

.-/

"tqmuscle:unlt. EV1dently,'the regeneratlﬁg axon relnnervates

¢'.

"3muSCfe flbersf that formerly belonged to ,many dlfferent

°

_lMU‘s;_ After sectlon of a nerve followed by nerve to- nerve

.

"suture, the regenerated MU s recover thelr 51ze so that the

.o

N

= 'and Steln, | 1982) o e R

ot . - B . o ...,\ ot B . N B B . .

”jfobserved that 1ntramuscular connectlve t4ssue was, atOwsome:""

; -.\ R e

b‘ﬁerlpheral reorgan1zatron ,oﬁ the re1nnervated muscle.:TS R

.st111 approp1ate for MU reeru1tment dur1ng movement (Gordon REE




S BN » - ‘ TR
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'Wheh part of. the 1nnervat;on to. muscle ‘s:;remqved

denervated muscles can be relnnervated elther by sproutxng

. e

\W%fvf,Of, 1ntact motoneurons_,("collateral isprout1ng ). ',p'byr

regenerat1ng axens ( axonal regeneratlon ) It has _been:

known ‘for a’ long t1me that muscles are-rablev to recoyer

.

'\\_thelr force after partlal denervatlon; however,llt was not

p'17 ‘the. 1940 s when sc1entlsts (van Harreveld and Wexss"

RN

and Edﬁ;\ 1945) 1nvest1gated the' questlon 'f,'whether'f‘v

N

hypertroph?“\\pf normally 1nnervated muscle f1bers or

v,

re1nnervat10n oi}denervated muscle f1be 'S was respon51b1e

L3

.forﬂisUC : compensat1on._ We1ss and Edds in. 1945 reported

'restoration of - force -af er part1a1 denervatlon of‘f 't

: U
. 0T

- soleus muscle.- They sectloned one of the two contrlbutlng{gf,

, e <m

Sﬁihai :roots to ‘the 1nnervataon of the soleus muscle ‘and

S A .

1capped 'it prox1ma1 end to prevent axonal regeneratxon.,:

R Stimulation vof the rema1n1ng neurons,. contaxned 1n‘ the;‘~7

$ A ' < IS
: 1ntact splnay/root -showed a progre551ve 1ncrease 1n muscle

CRE force. \They concluded that force recuperat1on in part1allyf

T~

denervated muscles " was ma1n1y due, to re1nnervat1on “of

denervated muscle flbers by collateral sproutlnga :# lacer"

. compensatory process may ‘take place‘fas”’the’ cutj‘axons,..}

regenerate ‘and re1nnervate ﬂme denervated muscle' flbers.

.

i_ Karpat1 and BngeI (1968)\ demonstrated ;nf'

;experxmentalf

“*‘n_;anlmals that the groupxng of muscle flbers otf the same.

hlstologlcal vtype ("type group1ng ) observed in biopsies.

from pat1ents WIth chron1c 9er1pheral neuropathres, was duef"

. .
- _-,,". Cs p KRN B f" ’ . . DR B DA

E . . b N . : . - B



c’denervated musclesL

t% re1nnervat;onf- of»

regenerat1ng axons; These processes bf brelnnervatlon

\

denervated _@gclé_l‘fibéfg,v 5Y:

(collatesal sproutlng and axonal regeneratlon)‘pconstrtute,

1 .

denervat1on, . the "understandlng of which has relevant °

——

‘(* - C e

1mpl1eat10ns “in  the c11n1cal:f1eld wherey;accideﬁts .and

per1phera1 _ neuropathies~,'ofteni»"resultﬁ' ";_‘partially“

5

‘.‘?4: ] , 'T::,’ 12 E

-1mportant- adapt1ve responses‘-to compensate‘ for';;ﬁ?fiai -

-

Part;al or total denervat1on of a muscle can’ also result

from d1seases affectlng the motoneurons (cell body

°

‘_axon) : Muscle:b1op51es from pat1ents sufferlng myopathles

.:”iof' neurogenlc' 6r1g1n show grouplng of .atrophlc flbers.

Changes observed 1n muscle b10ps1es are not spec1f1c to any

..‘ - B »

dlsease,' in pat1ents w1th motoneuron dlseasesf flndlngs

suggest denervat1on relnervaﬁ\on or both The sever1ty of

“

the changes Var*eS w;‘h the degree of weakness, duratlon of

-

the dlsease,sandmrate'of progr 5510n of the dlsease (Mokrl,__,*;

1977).-Duboqi§z and Brooke'(1973) report that-patlents w1th

A

amyotrophzc lateral scler031s suffer a more pronounced

.

ﬁ .

atrophy of the type IIB muscle f1bers. However thlS or any

other:i h1stological f1nd1ng suggestlng ”a' selectlvef
part1c1pat10n of“ etta1n MU types has to be 1nterpreted

,,4

thh caut10n~ 51nce they may be reflectlng adaptlve changes

uiﬂf such as muscle frber atrophy and: muscle flber type group1ng :

rather than Selectlve suscept1b111ty of a MU type to :the‘jf

dlsease., The hlstochemlcal study cat: muscles w1th

dlfferent _extents of denervatlon ?nd d1fferent perlods '“ﬁ?;f




B

s, 'punposrs oF THE STUDY "_f?ff L

‘fcapabllltles to enlarge. g ,."."

*+3regenerated ‘motor nunlts*

_iﬂmuscle on- the processes of~collatera1 sproutlng and -a}onal

'regeneratlon.._ ot

‘-‘,"
»

. . '\
these changes. }ft:"t_; s

>

i

‘kThe_ purpose of thxs work was to 1nvest1gate the processaj.”'l

muscles of the cat wlth respect to:

,! - N\ . "

-1) The capabllllty of resxdual motor sunits’ to enlarge.

'rhr2) The p0551ble d1fferences among motor.ﬁg:?‘types in the1r

]

“

.collateral sprouts from re1nnervated muscle flbers.f

\'

sxm1larit1e5‘ 1n changes w1th those exh1b1ted by pa@gents

fv4{fﬁTheb effect.,of'muscle-unlt enlargement,on “motor axon ..

‘time -after . part1al denervatlon >'may"'.re‘f'le'ct’-'-."'-sc»me_v.'y

'.w1th motoneuron d1seases and may help\clar1fy the orlgxn of;f

*_off‘re1nnervat1on 'ﬂx part1g§1y denervated tr1ceps suraefb

'3) The efflcacy of axons regeneratlng for long- dlstances to U

frelnnervate denervated muscle flbers, -and to Hlsplace@w

S

i' The p0551ble ‘1nf1uence of'fV



X3

"wh1le exper1menta1 MU" sqiere stud1ed in 16 anxmals..l’?"ﬁ

.q,;"‘L“_v.u’ o A :
CHAPTER TWO MATERIAL’S AND METH_ DS .
« i 1 S
Exper1ments weée conducted pn 21 cats, 3 k1ttens and P&
,young adults. Control MU s were studled from'S normal cats,

Partlal denervatlon .of the musclé under study (medfa11 -

V

gastrocnemlus, vlateral gastrocnem1us and/or! soleus) was_ .-

~ach1eved through rh1zotomy of one of the two ventral roots

o,

st ’or:L7) 1nnervat1ng the muscle° the/r1ght side of wthe5d””’

lanlmal was always experlmental whlﬂe the left 51de Servedﬁﬁf];n

4"asa.control for measurement of the total muscle forces _dgf

"determlnatloq of the electrlcal charges 1n the nerves..

\

- ~All. surglcal operat1ons vere’ conducted under sodlum].:'

h'pentobarbltal anesthe51a. An’ 1n1t1al dose of 40 mg/Kg\ of -

d‘fsatlsfactory levels of anesthe51a. '~;-. :f; ",‘:31 8

;»aseptlci condltlons, gthe' experzmental anlmal underwent a. ..

,'“ilamlnectomy from Sl to L7 and elther 51 or L7 r1?

"”tlme ranglng from 2 to 18 months 'g

-tlme,, and in, large cages durlng n1ght t1me, for perlods of'

Ay

Sh2

_Lsupplemental . doses,‘were g1veﬂ@ 1ntravenously tog " Keep

AR} *

2.1 PARTIAL DENERVATION " Under g’eneral':’.'a‘nest‘hesi'a' and

,,,,, ')—'— v

e T

L

hbody welght . was’ admlnlstered ’Alntraper1toneally 'candl R

.-

7;root was cut extradurally - After‘sgrgery,.the ai rmals weref"'

.,cmalnta1ned freely mov1ng'1n the’ anlmal .room durlng dayt-rghr

G | R
',2 2 ACUTE EXPERIMENTS Under general anesthe51a, a wide;'

'i hlndllmbs 'and hlps were denervated B except the muscle(s)

KEE

‘lam1nectomy from 82 to LS whs performed All muscles of‘the_‘m -

‘ef:dunder study The nerve to the medlal gastrocnem1us muscle,f~f‘



Lo

(MG)” %r the ne. vefto t%e lateral gastrocnemxus and soleu§:fdbh
e
muscles‘ﬂLGS) wa dlssected free fOr a length’of about- 20" |
. ‘\ \

[ - 5 -

'V'; contafhlng 2 \surf ce‘- lectrodes }wasf sutured onto‘ the'
u:iace/’/l the musc e(s) of 1nterest. The muscle was also

dlssected free, excext for 1ts proxlmal attachments.' Careg

1
.

"was taken to m1n1m1ze 'amage to t1ssue and brood supply.f A’
@mall plece of the calca_eous bone ‘was. left attached to the:'

“

tendon for a secure t1e.vThe tendon was attached to _a force

N o

transducer- preserv1ng-'t e' angtomlcal 'p051t10n"of._the
, mUScle.; Aq%racheoStomy waS'performed 1n all an1maIs, -only
wthree cats needed art1f1c1al vedallatmon :} A ve1n was.also
/ dlsgected for ‘adm;n1strat1o'ﬁé

anesthe51a. . f: ff‘\\i.

of -‘maifftainance doses d(""
‘ L ¢
L ST

-

were .mounted iph o a stereotaxrg frame and
o : .

lmmohilized .w1th clamps at fhe ievels of 5the .head'

‘.\The cats

knees 1iand.f ankles._ -The-‘skln fla s'\surroun ing, éﬁe' 7.
alamlnectomy and the 1nc151on§_on the legs wene pulled up to

Torm 3 pools, ~wh1ch were f 113@ up w1th mlneral 011 at 37

degrees Ce151us.' Temperature probes were placed 1nto the

, pools .as well as 1nto the rectum.~\Temperature was kept at N

about_ 35 degrees Ce151us by means of a heatlng pad a;d\\a

C e

radiant lamp._ Once nerve and muscle were 1mmersed in 011
] -_h“ : N - & < . ‘ R v
*© the L6, L7 and S1 dOrsal “and ventral roots were ./
e \ ‘ \ . - o
succe551vely dlssected _free and- ‘t as prox1ma11y o

v ST

j_poss;ble. The‘ nerve to the muscle was mounted oVer}.ftve.j‘“"

“,r,w' SRTPURR T



o -Gk: SN : _._'» +
oo . .'.“;"ﬂ' - . .
LTI e B R S T
Lro 511vermaelectrodes spaced 1 2 Jnm.. apart, th1s arfa¥i«S?FYéa:$T\f’
for stlmulatlon of the nervekand ‘recordlng ioft action -,
8 potentxal of. s1ng1e motor axons.""‘u"f»'_h: ;f‘”'”' N

12.3 ELECTRICAL CHARGE Electrlcal charge generated in -

'f;. sp1nal roots has been prev:oust d?ed as antlnd1catlon‘;oflff :é
'.the average dlameter of nerve flbers (Hoffer et al.,:1979)}>“:2'
1wei_used electr1ca1 charge to obtaln an éstlﬁate oEA thef"

_ contrlbutlon of each root ‘to. the motor:1nnervatron of ."hé%,'

‘L#}musclem. nﬂbthe control 51derd‘The summatlon of S?w %Cdl D7:
l~¢h$£géf gave us the total charge~y’wh1ch was. taken as-.100%_'_="'}.?'~

'~of t‘e motor 1nnervatlon to the muscle. The charge measured

“on, ny one of the two roots in response to stimulatlon of_ﬂ?“

. = 4 .
‘the muscle nerve could then be expsessed as percentage df

l\‘\ 1nnervat10n. %Y CQmpar1son, the percentage of denérvatlon 'j;it
T N
'\\ or1g1nally -ach;eved on ~the experlmental s1de couldi be;‘
N L g o v " o

\ B . AN . Lo

RN estlmated -‘; Im\ﬂ‘ DR ,
§ ) N L e o 5\ SRUEN
Electr1tal charges of L6 - L7, and Sl dorsal and ventralw;i“

'tsp1nal roots were- determlned as’ descrlbed by Hoffer et al_;
'f:?979) Dorsal and vehtral roots uere bllaterally prepared;.f[“
'gland succe551vely mQunted on* a array of” flVe electrodes each?;f
ﬁbi;‘nspaced> 2 mm apaff.c Electr1c$ﬁ 1mpedance of“each root' Vas,“

.determ1ned'-by measur1ng thegxmpedance at each,relectrodeh

M.

w1th respect to the cut end of the root ?us1ng a 10 "Hz

51gnal Impedances_ were plotted as a - functlon ﬁbg:’
: g h

1n¢erelectrode' distanae, from the regresslon llne,’:theh

‘ txssuev 1mpedance of the root’ was calculated qgisubtractlng'

r";theh contact 1mpedancef;§glven by Y 1ntercept qdf7lg€he -



"regre551on 11ne) from the total value betwee

’electrodes. ;“,fhéri' common ; peroﬁéal (Cp”

DA

| .gastrocnem1us soleus (LGS) and medxal gastrocnem\us (MG)i,"J

"gnerVes were eacﬁ st1mulated agd the1r compound monophasxc

ﬁ'dlglt1zed ‘u51ng a 1aboratory m1crocomputer :(LSI .11/23)

-{maxlmal length‘xMuscles forces were measured 1n the control,

_fmusculﬂik'nerve 'and in response to
b

;Rside.’ Summatlon_- of * forces produced by the muséleflin

*the curve by the 1mbedance oi the root. 'f‘e:'f?'

i:and exper1menta1 muscles Ln response tﬂ

cont ri

ﬂanlectrlcal charge was obtanned by d1v1dlng§the area _under

,attached b a 10 Kg grass stra1n gauge, .whlch wasv mou&ged’

®.

C

:t,

;tlmulati h of,\;

ing ventral"droots.

Le”

- . LIRS &‘

st1mu1at1on Qf 1ts

:e.actlon potentfals; (CAP) were recgtded 1nxeach rqot 'andg{'
T
T 2,40 TOTAL MﬂgzLE FORCES The tendon of the. muscle was‘;f.;V

‘on. ~a man}pulator to adjust muscle pos1tlon(and obta1n ‘theﬁ‘

,itént oft denen&ifion"
or1g1nally ach1eved by root sectlon 1n the experlmentalr

'51de:-was agalg estzmated by comparlson w1th the ‘normal.r

“f}résoonse to stlmulatlon of S1 aﬁﬁ L7 was taken as IOO%QIOﬁa.

1nnervatlon and, the f°fce produced by Stlmulat1on of any"

o

‘of'»the tno 'roots could be expressed-‘ percentageﬂx of -

N o e e
. 3 . ey

'fdnnervation',on"the control 'Side:_{Tho ftwo_ methods of

estlmatlng the perc’ntage of denervatlon (electrlcal charge'

and. muscle forces) agreed very well (table 3. ).-'
A

\ - - IS

2 5 MOTOR UNIT RECORDING angle-MU s were 1solated by

| spl1tt1ng the ventral roots untll a s1ngle funct1ona1 aan_"



‘:i;tofuthe muscle'bf 1nterest could be 1dent1fred in -a ¢oot
f1lament.;‘The cr1ter1a .for 1dent1fy1ng s1ngle’ﬁU s were-ﬂ
all or none act1on potentxals recorded on the muscle nerve Q_fif
and the absence of changes in EMG conflgurat1on and force~*p?§§
ddprodUCt1on For each MU the extracellula? actlon potentlal o

and\\force

_ ‘ N
ere 51mu1taneou§1y

recorded 'gflh MG or LGS nerve and the
Arper ‘ . . B
“*:?Qfg recorded on the correspondlﬂg musclep3;

._-'

n 'A .- _‘4 . . . - .‘ \\ t.

dﬁsplayed 5;On'i_a"stor ge osczlloscope w1th f'varlablév-‘~
) 4 _ A : _

s

pers1stance and d1gztlze on the LSI mlcrocomputer.. Force7

S T

and EMG vere also d1splayed on a Gould pen reco&der._¢:;
’uJ‘ Once : a_f s1ngle MU 'was,j‘;so;ated( ffthe{ followlng
J};;measurements.wereﬁmade-f’: IETEE TR Lo
,:"2 5. 1. Tw1tcH’ Force %pd watch Contractzon't1me. These were “
dobtalned by‘averagang 30 responses to 1 Hz st1mulat1on ofsiid:
| ddfz'the" ventral root fllament at 254.:t1mesf'thef threshold'??

'»fsvoltage for the axon.h,;ﬁj': d“[ﬂh~a 1«1; - '_' iﬁ,fﬁf,j

B

'”3}2.5;2' Tetanac“Force. The tetan1c force was averaged from

Hi;fS 10 bresponseéfftoi tra1ns 1of 20 pulses‘ at . 1ntervals»v

—

"?correspondlng to 40% of the tWItCh contractlon t1me.‘;jvﬁf57”
»2 5 3 . Posttetanxc Potent;ation (PTP) in order_-”to:f7iv’

'hﬁfj:standardlze the test -the‘PTP was: obta1ned 1mmed1ate1y:f'
S = A
‘;-qafter 5 tralns oi 20 pulses, by averaglng 30 responses to 1

-

7}e~” 'Hz st1mulatlon‘ .V,-ff~

, 2. 5 q Sag Test.ESag was evaluated in the unfused tetan1c -

-

s . .\\contractlon ‘1n response to 800 ‘S of stlmulatlon u51ng van_;ia
. . 5 S

1nterst1mu1us‘ 1nterval of approx1mate1y 125% of\the twlteh-f'“

~ﬁ contractxon tlme._”"
. ..‘i'. \ ': - 'U.



rioa 5 5, Fatxgue Index (FI) Thls was determlne‘

‘fof\the force produced at the beglnnlqg and after 2 mlnut'

5 PR, PR
z 6. ANALYSIS OF DATA -t

cof tetanrc stlmulatlon' of*QOFHz for 330 ms at 'Jdrab'

1ntervals.:--"

hs

}velocxty,_were also studled and analyzed

=5 Through thlS ‘theSIS_ motor unlts,tare _represented'}as

™

bnd

o

<64 ,EMG and axonal actxon potentxal The EMG amplltude,ii‘

"":/', D \\ .

-

‘the axon potentlal amplltude,::and the 'axonal conduct1on_d__fj

—t

vv // .

,b e :

@
o

:*follows" _Conf?ol 4‘squares SPIOUted trlangles,; éhd'tt.

_;the probabllxty level p<0 05 was chosen for 51gn1f1cance. :?fff

~?f111ed whlle those of fast motor un1ts are empty

"reggnerated dlamonds. Symbols for slow motor unlts‘ arel1'v

-

Most of the MU data are. plotted on scatter dlagrams and_79
3

vstralght llnes are fltted accordlng to a least mean. squares )
~cr1ter1 n (Sokolnzdoff and Redheffer 1958) Stat15t1cal Tplg.

'tests W re performed on the muscle flber daameter data andll'

w



e

& ,contammg " only one functlonal axon. .\"‘*A’xo'n‘ po.tent‘iai

Iy --f.the muscle. Mu _

-

“:Fzgure 2 Motor un1t recocdlng. Aftet"ﬁenervatlon of : all

- amplxtude was,j

. MG motor unit recordin

N s U P LI U e i o Coudo’Gluieol N oy 5 =3 |
S . Lo - AN . . g KN __',\-\ ( - 9 . N

e Musculor bronch — e Y LY - L
g Cronlol / NI &
Gluteo( N.. :

c:ohc N

‘ - v . P

< SN i o—Common Peroneol N,

Force < 7 v NG hervel -——Lq!erul Gostrocnemnus Sore"us NS SR

.

\\‘ - . < A, MGmUSC'Q\ . ) '. ‘ ‘ ] o

e .

o TMG nerve-muscle - preparation: ‘L_dj}é.'r‘cl aspect . .

el "s\.o

N PN

| '._"'I'muscles ____o,f the leg but the one under study, 51_ngle My ls B

Ceel A N

‘ .Awere characterlsed by st1mulat1on of vertral root fllaments- '7“.‘}*?

~ vn o K Rt

‘ . s A e .9"

recorded ‘on the nerve and EMGQamplltude “on

1e unzt force was measurgd through a force -

- RE Sy ) . ) ) "::_‘ .
transducer. \ SO IR TR NP B

. /
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60

«
EMG amplitude '--A*Qh',borenfiql omeliru‘de‘_ R

LFY)

*Q L
o. O

{mN)

ST _v_'v'ii-‘c‘H force, " : g

- (mN) H

XY

--Tetanic ‘force -

ot

o

- m—— : 7

Tt

 "”%E»"i';"’g’urve:l;,_ﬁiz__.;2_;,5,,_;,}Mdtor’v"'unit-pro.per,tiesv.' ,"_Af,t;'er isol'a't i-on of
E smgle MU, axon potentlal 'amplitude' (graph A) MG.;
; ampl1tude (graph B) and m-uscle un1t force m response _'t'o‘.:'

Hsmgle. StlmUlUS (graph C) and to a t,etanlc st1mu1us (graph, : .

&DS are recorded ST - S :' T Y
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7'2' 3, ' The 3

N

:,evaluated in thegunfused tetanlc contractlon 1n response

- ra

'approxzmately 125% of the tw1ﬁch contractlon tlmeé;Zurke

1971). .' a)

ﬁ slow and B) some sag and are: class:fled as fast.,

.» \ _.“ .
L o,

The' -
ms of st1mulat1on u51nq an’ 1nterst1mulus

Some MUs do not sag and~a€f cla

R

sag property 1s
tb
1nterva1 of

fied
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'Fféh;e 2.4. Motor un1t fatlguabzllty. It as determlned bY

Ny

‘the ratlo of the force produced at the beg1nn1ng and 'after 

.

2 mlnutes of tetanic stlmulatlon of 40 Hz for 330 ms at 1
_ ~_ Ty

_,-secon%g 1rt¢:¥33§\ On the bashg of the;f\QPscept1b111ty to\\\\ _

j;rfatlgue ‘MU's are subd1v1ded into § (fétlgue 1ndex >;j:75),s~

FR‘(faJ?gue 1ndex > 75) Fl (fatlgue 1ndexl> ZSQEnd ?ﬁ
- FF (fatlgue 1ndé;%2 2§) '

-~
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CHAPTER THREE

:;:MOTOR UNITS OF PARTIALLY DENERVATED MEDIAL GASTROCNEMIUS

f:5 MUSCLE OF THE CAT '*‘

'.;._ - s -¢. Pt T ;
- Ca * o . . »

‘1"3 1. INTRODUCTION e ”}f'*’Q'”

L motoneurons‘ sprout and relnnervate nelghbor1ng denervated j];

N‘sproutlng sj'ang yﬁ

. o
1

Whe"jﬁ?. muscle is. partlally denervated .héf remalnlng."%“”

fmuscle f1bers. Th1§ enlargement of the MU by »collateral

. e

,:partlally denervated musc ff‘ﬁ,z

e

qﬁ_. N

{denervated rodent h1nd11mb muscles, such"as rat ,soleus

;?(Welss’and‘Edds,“ 1946 Thompson and Jansen ‘1977 Gorlo et

1131.,_ 19835 rat anterior t1b1a115 (Kugelberg, Edstrom and

Abhruzzese, ' 1970) nmouse peroneus' tertlus (Brown and:

_rtant iomgﬁnsatory mechan1sm 'for

Hlstologlcal ;and physfbloglcal studiesh'of_ partlally

.hlﬁohtonr~ 19/8) and other5{‘~have shown that _ Mu': can

;1en1arg€i.‘y: up to 3-7 t1mes thelr or1g1nal 51ze. ThlS

'ngenerally :accepted ‘1dea that MU s-can only enlarge' thequ

‘*g'dxg1torum longus muscles oﬁpyoung cats 1nd1cates that ‘tﬁé=w
: ki

r'consiStencyi' Of- results among stud1es has led tof“thev;'

’orxglnal sxzes by up to 5 tlmes.‘ Th1s 5-fold- 1ncreaseh

.-lt

unable | t'h; adeqqu ly“

_denervatlon (Jansen and Thompson/’ 1977; Gorlo et al 1983)

8

@ ot
; apgeared to be the upper 11m1t beyond wh1ch motoneurons are';

compensate | ;prf .any" further

‘ However, -a recent study of partlally denervated flexor3f£*7v

i capacxty of“ a motoneuronjio extend 1ts teirltory 15 'very},

P

much gr %ter than preV1ously suggested (Hat”her.geth»al.,

R P RN . _‘:.”. . " . o . ! N
LR T i B ) :



-~

e pquestlohﬁ addressed 1n the present study\1s whether K therei
g “

"h@really 1s a 11m1t in the capablllty Of MU i ‘to" enlarge° 1?«

 MU's " possess the “same ca@ablllty :to]ffenlarge.ﬁf ;Thef

1 posslb111t1es rare°‘ a) that all MU types exh1b1t a 51m1lar;

*hﬁhéf maxamum 51ze o:_ spfouted MU,S descrlbed Cin “the ‘

19869 Phe l}mlted compensat1on seen ?i, small rodpnt‘
muscles ‘after part1a1 denervatlon mayﬁnot necessar1ly be ar
general1zed phenomenon for partlal 'nerve.‘an)urxes.”°The'

g 4 ’, 3 - "

llterature‘ a- true 1nd1cator of an 1ntr1n§1c 11m1tatlon of"

the sproutlng motor axon,,;or are the 51ze andutype of the'

kexpeplmental muscles, stud1ed tQ date, and the @xtent {of‘

,muscle denervat1on,_art1f1c1aI constralnts 1mposed upon the';,.’
# -

capablllty of the remalnlng motor axons to sprout’ L

A éecond qvestlon that ve addressed here 1s whether ;alle ,ff*

[
. -," ":‘

';capab111ty to enlarge, where all MU s ‘enlargg by the‘same.J:m
)

[muscle denervatlon, b) that all MU s enlarge in proportlonih

. ; m By
ﬁy the /same factor w1th respect to thelr or1glnal s1ze,'

';sexhlblt d;fferences. lﬂ their- capab111ty to henlarqe, the‘;:'ﬁ

*Bé%t reﬁpondlng MU type wlll enlarge by a, b1gger factorfi

.'

. : B N
amount regardless of the1r orlglnal szze_-or extent of -
s S

3
.4"

to thelr orlg1na1 51ze" 1n thxs case,f MU s would 1ncrease

‘v .

. -~ J ,“_A
w1th large;MU S compensat1ng moreafer part1al denervatlonx s

,due to, the;f much bagger or1g1na1 51ze, yhlch would‘be :?n‘~'u

e

accordance w1th the 51ze prlncxplenf

‘r

and c) that MU types_

Hd”

BT )

than the rest in all extents of denervatxon 1f there is no-
¥l P 5 - IR
l1m;t :to,.that capab111ty Because” d1stance betyeenl

e
»4 -

3 denervated“ ~muscle. £1ber and respondxng motpr axons willfix



-

! play a. role regardless of MU type,' espec1a11y where there

‘15 very }1tt1e denervat1on, any preferentlal response of MU

a

ttype””that~-may"ex1st,»=wall become ev;dent_.only-~under.*b_ e

Qconsiderabliéﬁnscle;denervation. "‘fua';j*' S
-3, é’-* xA'i'E'R»IA'.Ls 'AND"‘}gETHons. e AT 2 DR g e

B Experlments vere conducted on 19 young adult cats of..

W,

both .sexes; F1na1 acute:;experlments were ¢arriedv out
between 21-and 11 months after the 1n1t1al operatlon “(see

.T table 3 ): At the t1me of the f1nal acute expe?\ments, the

2

'cats were between 8 and 20 months ofufage ‘apd welghed

3 o

'sffbetween .3.0. and 4 .0 Kg, (see generalomaterlals "and »methods
for detalls) One hundred and elghty -six- MU ‘s were studled
. . ) s
: Slxty—one MU s Were studled 1n 3 control cats and 125 MU's

-

_ vére stud1ed in 8 experlmental CatSQ o 3jha- o 'tf‘ o

“ : R Lo A

' 3 2. 1 ‘ Chronxc Part1a1 Denervat1on. “Under | general

anesthesxa and aseptlc Zond1t10ns, the exper1menta1 anlmals

underwent‘ g l;mlnectomy from S1 db U? On the r1ght 51de,

the St splnal root *was - :ut extradurally No attempt 'gas\:v
.imade to ‘prevenb axonaa regeneratlgp after“ surgery.- The:
’ an1mals were malntalned freely moylng in large cages.. |

o'

3.2.2,7 Extent of Muscle Denervat1on; Because the relatlve
. ) J

o A

contributzons of the two roots to the 1nnervat1on of the MG

muscle varles,among anxmals, sectlon of S1 ventral root

reSulted in dlffereﬂt degrees of partlal denervatlon among 'ﬁt-i:q;

@

'3'the;'cats.‘JThe relat1ve vcontrlbut1on of the jcutd root S

ihdicafive”ofithe;extent'of denervat1on_ vas estlmated by




f1)' Electrlcal Charge.e Electr1cal charge_(Qy ééaéfated’,&n,;‘

- ¢

sp1nal roots: has been prev1ously used as-an 1nd1cat1on of

the - average dlameter_‘in ‘a populatlon-i'f~.nerve fxbersf

(Hoffer et al.,'“t979) The summatlon of charges generated‘

‘1n 51 and L7 ventral roots upon stlmulatlon oﬁ the MG nerve:

vL:_ls the total charge,_'whlch 1s taken as a measure pf the

- ~

j7total motor 1nnervat10n of the muscle. The charge generated

iﬁ each ventral root 'S1 and L7 when' expressed
pércentage ‘of © the _total charge,h provides:, a reasonable

jestlmate of the proportlon of motor axons to the MG nefwéjr'

. contalned in. each root‘ Slnce aﬂ.mals are Acon51stent1y

: usymmetrlcal in thelr root contrlbutlons‘to ‘a muscle (Hoffer
"et al.,,1979) estlmatlons of the percent‘.e of motor axonsf

. in -SJ _cn th_' c&htrol 31de prov1de a measure _6ff the'

mpercentage ‘of motoneurons axotomlzed by sectlon of the §1 .

Lt T a

mon the contralateral szde..‘ .

'2) Muscle ~Force. .Ma81mumf‘indirect'-twitch ‘and. - tetanic.

o & . .
forces were recorded from the..normally innervated MG

Dmuscles in. response to stlmulatlon of S1 and L7 ventra¥

"roots,V/MuSCIej force in response to stimulation of‘Si’rdss“"

expressed as;a:percentage of‘total.muscle'ﬁche. Erbm:'the

'fcontrol side to .prov1de an 1ndependent measure"bf'fthe

S
'proportfsn,rq motor axons in each root and therefore “the

o extent -of part1a1 denervat1on. Slnce ,the"’uo.'methody

"prov1ded con51é§ently values wh1ch agreed*Tsee table -3,1); $

- R . RS

¥

e . s [N . . . CLh . - - . . T » .




",Tgmeasure of" percentage of denervatlon. ’ YA 3

: ':3 2 3 Acute Experxments For detalls on’ MU record1ng e d'fff”e

o iafneral methods.'fgx ' ;-'r~}‘*:_‘ﬁ2 . g;i',-ffﬁ- _h. YR ﬁcf

.fThefrmotor _axons .innervating‘the.MG‘ muSClej*exit" the"'_ S
b . e

'f_splnal cord through :Sl”ande7AQentral'roots. Although the:

f contrlbut1on of S1

,c’mpensatlon'by-L

: 'exp o

:11 'months after root sectlon all part1ally denervated MG‘A3“

.',

rd
-
.

*,anf average' of the two wds takg: B 1n most cases as  the

—

MG muscle var1ed cons derably,'from 14 to 88-. % there was‘a
predom1nan@e of mdto

as seen from the root‘_ontr1butlon (table 3. 1) ' F1gur

,_shows a typlcal exampleuof the contrmbutlons of the 2 roots

Q
to MG force on the co

e

_Just 2 months after sectlon of S1 on the
“in graph B»lS also typlcal of partlally denervated muscles

.2'

or1g1nal force.e_

One hundred and e1ghty~s1x MU s were studled in 11 cats

3 control and ‘8’ exper1mental.-Control MU 5: &1, sprouted"s

593{f and“regenerated 2.° No precaut}ons were taken to:

prevent regeneratlon of the cut S1 root whlch regenerated

*';_successfully 1n a number of cases, partlcularly for perlods;-'

C -
J

entral root to the 1nnervatlon of the”

4rol 51de (graph A), and the complete\

‘:1de (graph B) The speed of. contractlon shownt

.axons ex1t1ng through S1. ventral rootv”'

and reflects the 1ncrease in the number of FI un1ts. Two tof"

"WUScles except one (E 1 table; 3;1),“recovered»,the1r'fa”

ﬂh longer than 4 months.: These anlmals and thelr MU data aﬂ@*?v_zgf}j
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75;Ethe].actlon potentlal on

'~M;axona1 conduct1on ve5

w_. . -/ﬂ

B ~ e , S
=;follow1ng groups-- I) MU s from normal MG muscles, II) MU s

_ /o
'from MG muscles w1th less than 25% denervatlon III) MU s

o«

HCOnsidered later “in, th1s. chapter.\\\MU s ‘were collated

T

<daccord1ng -to-'extent 'f, muscle denervat1on 'ih:fohé,_Qbf“yfﬂf

‘ *.dmrom MG muscles w;th about 50% denervatlon ,, IV) MU s from 1f:,

A;MG wlth more than 75% denervatlon,' and V) :regeneratedgt;df

3;3~ | ”Contﬁol Motor Un1ts. Although MU populat1ons of cat'
' SR

‘

Py

' ~MG muscle have been extens1vely descr1bed MU s from 3 cats fﬁ,ﬂ

"g'of comparable we1ght to. that of exper1mental cats were used

':jasf normal data for dlrect._comparlson..\Wh1le MU force,

Y

";contractlle speed and fatlguab111ty compare well from study

K

"-'to study, d1rect compar1sons of axon 51ze from measurements_'

l

‘1tof;,.mctlon potent1alsfhar besw

i'}electrodes w1th the same conflgurat1onfﬂpfé

v

Normally motor axon s1ze, as measured by the amplltude of

conductloh) veloc1ty,a determlnes

hétY: and 1s d1reftly correlated w1th

5-v-tetan1c force.

‘7finversely correlated wlth 1ts tetanlg force (McPhedran fet517

—_—

_al., 1965 Gordon and Steln 1982), Thesedielatxonsprpsla,e?' Lo

lfgshown in f1gure 3 2 p‘_‘gjl,:j*1: ) ;ﬂ.ir . "ff% .,f:;‘
- hq S 1nto 4"

pes on the ba51s *dff_f”

The classzflcatlon of

contractxon t1me and suscept1b111ty t

.'gfxgureTB 3 The MG unlts, :shown as nd1v1dua1 po1nts, are

_ldlstrlbuted as follows _29 percent belonged to 2th slow

f’w1th,~_record¢ng~;

RO

,contract1on speed of the muscle un1ts iSth

‘fe»ﬁtype, 23 percent to the‘FR type, 5 percent to the FI type,,.°'

fatlgue is. shown in -~



~.
7.

-

F;gure 3 2. Motor unit 51ze relatxonshlps. 'On logar1thm1c

nscales,' axonal conduct1oh veloc1ty 1ncreases as a functlen

df_'aién potent1al amp11tude (graph ‘A). Tetan1c force is'

*}.also proportlonal ;to_ axon ;_;ze (graph T B) : Tw1tch'

‘:contractlon_txme 1s lnversely proport10na1 to tetanlc force_

‘”(graph C). (fﬁ Aghsa B and c=-35)  ;  E _ [. '~g




\*contract1on t1me.”

e .
REDPR \ R O
. a t - SN
T /3
S s
-3 c .

ass
B
| |

v
|
o
4

ex
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Fatigue index

“o2sf

O - " Twitch cortraction fime (ms) 125

: :\.

Tf ms or less were grouped as" fast tempty squares) MU s wzth

”_‘tw1tch contractlon tlmes greater than 40 ms were grouped as

llnto_ three types on the bas1s o£ thelr suscept1b111ty ”tb~

1ndex > 0 75)

K Flgure 3. 3,fg,C1a551f1cat10n of MG\motor un1ts MU' are;.ﬂnj
'iaéIV1ded- 1nto rqur groups “on the’Bas1s .bt thelr tw1tch*'““"w

ffMU s w1th tw1tch contract1on tlmes of 40-"

n.slow -(fllled squares) ' Fast &U s in turn were subd1v1dedg

eflatigue., FF (fast contractlng‘and hlghly fat1guable unlts'ﬁb
ufatigue‘ index’ <0-QS) 1 (fast contractlng and modenately.
‘ffatlguable un1ts-l fatlgue lndex >0 25 but < 0. 75) and FRgd

”7(fast contract1ng but res1stant to fat1gue unmts;.'fétlgue’]<n'~



‘”t;fenlarge by the same factor,f these results wou»»

; AR o\ "vf”*g'-”' .'f-ﬁ~f"‘~ R x,1d5”“}"',?:a_:
~and. 43 percent to the FF type._ Thls dxstrlbutloﬂ of MU o

_e.types s 51m11ar eb that reported prevxously (Burke et al‘faff
"21973° Munson et al v1986) | o | ‘
when fatlgue W-de" a“d tetamc force{ of MU types " é.fé_?-_.

v"Plotted (flgure 3 4) we can\see that force varles from as,in”'
-_little asfﬁO mN for the smafTEst S unlts to as much as 1000"
e e s B

mN -jor the_\largest FF un1ts.'?lt also »shows: that' MU's.

\\

'Wre51stant to fatlgue (fatlgue 1ndex >'.75),r'1nc1ud1ng slow)ﬁ
contractlng _(S) 'and. fast contractlnq (FR)-"ugenerally
;produce ' force ,of"less than‘ 390 mN;' whereas eas1ly

fatlguable and fast contract1ng (FF and FI) unlts generally

pproduce tetanlc forces between 309_and 1000 mN ” x;;“
.'3 3, 2 "Sptouted"'Motor Un1ts.f}‘fd_5-nffv_'_ :f.fgiw
'}ia)'Whole Populat1on.\Theﬂazerage tetau!c force produced by

MU s from partrally Zenervated MG muscles is co*pared gb

. ..*‘ y Y b
,that of normal MU 'S 1n flgure 3 5.,,Assum1ng ; : " MLk s

e . . . ,{ “m. .3 " .
_glncreases of ],07k\"Ta?_ and 6 33 t1mes for MU s -fﬂbm'
sllghtly,' moderately :and severely denervated MG musclés
respectlvely, when compared foﬂ.normal MU s. However,

’.’

fcompariSOns of arfthmetic means prov1de only "vrough~

| estimate "of the response of the MU populatlon because MU

force: is ;not normally but logarathmlcally d1str1buted

'fGordon dnﬂﬂStein;' 1982) Forces of dlfferent MU types are
Ftnereforevﬁeompared' in f1gure 3 6, 'where »axon-“potent1a1".
‘amplltude (graphs A- D) and fatlgue 1ndex (graphs E H)

:plotted as a functzon of log tetan1c force/jor thé 4 groups 3;

,-"‘



n O T
i
| |

i

_Fatigue index <

‘Fxgure"3.4}‘ Tetan1c force produced by the dlfferent TMU

i

¢

tyoes.551ow unlts are shown as solzd squares and fast unlts.-

K f”are shoun as open squares. The latter group is separated on’.

:pthe -¥Y- axls ‘by the1r fatlguablllty as descrzbed 1n flgure'gpxl

v

3.2 f}MU produce force -1n th followlng order~'wFth

"__.(mean 427.9, 'sD; 127, 7 ) > FR (mean-nz 7, sD:78. 6.mN) > 5.

jcan*produce as. much force as FF

Cp .

,f(mean 54 6 SD 44 9 mN) FI\unlts are normally very few and”f'



’ and by -exper1mental MU'é from partlally. denervated MGfW"

. muscles,_ MU populatlons from MG muscles: J\th d1fferenti"

1

i |6OO ‘

(%4
[

-
W i . .
Co T ’ .
Y o
S 1
.

Control . Den(25%6'50en*50é£ Den)?S%G;;xi
Percemoge of denervonon el

\ (. ‘ . R . f_l_,; | .( |
. . .";\“ .

',. EE : : - f"_‘ - N

.

o

y. . . ,
-exﬁfnts of denervat1on" 0% (control - n= 61) <g25%, n=25,1_].3

-50% 1—19 and >75%. n= 49

Flgure 3. 5 Mean (+ 8. E ) tetanlc force produced byxcontroit

-



;'ofxﬂsbrouted‘_MU“s;Ea Thé whole range °f MU force»;moyes~
-',:progresswely .t‘h_el rlght along the fme axig gas  the .

'7jfpercentage 'of denervatlon 1ncreases from léis than' 25 Kto"
u‘more than 75 perCent MU force(ancreases w1thout alteratlon;g

—
.ot

ainf axon<~51ze,_ S1nce the 11ne does: not move along e“_y,“

.

Ce _ : .
't‘fJ@xis The sh1ft in- the ran&!"ﬁf force is.also seen when

; M fat1gpab1l1ty _is.’lotted as a- function- ofﬂ tetan1c'

‘ force\ (graphs E H) Not:e that there 1s more overlap\dgMU L
itype on the force axis. | 4

‘Increases '1n force of MU's rema1n1ng 1n-“the partlally

denerva%\ m).(s?é“le 1s llkely due to 1ncreased nur@er of
"musclv flbers per un1t (1ncreased 1nnervatlon -ratloé‘iand_\
f‘*notf hypertrOphy fA‘muscle'_flbers, becaUSe "fiberf

&1ameter-‘of the four 1dent1f1ed muscle f1ber types,_-whidh m_-f

o .
Y

: correspond to the four MU types,_ were nég; statlstlcally ~

d1fferent from ~.normal 1n any ogﬁéhe\4 groups.- ThlS is&>

1llustrated . flgu._fh3 7 for Athe? muscle group that

~

1ncludes muscles denervated bY more than 75%

:Reh\B 3 2. 2 Motor Unzt: Types.. If MU response .to Rartial

denervatzon‘ varles accord1ng to type, thlS would be_/ﬁf;:4;
'{obV1ous in a dlrect comparlson of the smallest S type-vand

;largest TFF type.;Fxgure 3. 8 Shows a proportlonal increase-:
"of MU - slze w1th bartlal denerVatlon Motor-‘unlt 4te£5555-°
h_force (geometrlc‘ meanS'for all MU s 1n.,each exﬁer1ment.,fr;5
FQDf i}n 61 18 31 16 9) 1s plotted versus extent oj muscleh”n

7ﬂdenervat1on._ Grapn A contalns means for all MU types from.ﬁfft

'e each exper1ment~ and shows a- proportxonal }ncrease of MU
iy S e
IR ‘ NG T - e
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'.'ﬁiggpgi"B.G.‘ Enlargement ”of MU sizé'. Qith', partialﬁ

denerVation. Graphs ‘A= D are log plots of -axon potentxalf
R : : - f..v./Q
amplitude as” a functaon of tetan1c force for 1ncreas1ng

-{percentages of.partlal denervat1on (A 0 - B: <25 C =50 andf‘-‘

D >75), RRICIE 58 B=.47, c- 64 and D 60) In graphs E- H

7

fatlguablllty 1s plotted versus tetan1c force for the same

groups of MU ‘8.
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Cfosssecnonolorea(pm

o

control and part1ally denervéted MG muscles. Means + SE are

R 2

-/

oy

HEE) SR
.

o

LI
R

SO FOG FG sy SO FOG FG
Muscle\/flber types .

e ‘ S g

#2F1gu:e 3 7 : ~Cross sectlonal area of muscle flber types 1n»

LR

: // | ~C om‘rol >7‘5”‘“‘oo Dengrvonon .

'Jdrawn._ There '1s no: 51gn1f1cant dlfference between values o

for. control and experlmental muscle f1bers as determlned byf'

a t- test for d1fferences between means- (pﬁ 0 05) The

malntalne ' denervated ,muscles Slnce there .is  no

r

5 v

".tetanlc " force fis"a' good 1nd;cation='df:'mUsbie;‘ unjt

T

. enlargemeht, )

1ncrease Cin muscle fiber d1ameter fthe. ‘increase - in- MU-

'1,‘pattern jﬁgpo < FOG < FG. observed in control muscles vis-
d



.

:size'5w1th extent of denefwatxonw However,. graph B shows

i . u

'htdthat th1s MU expans1on 1s not equally shared by all types;ff s

“ﬁffrelablvely less for smaller than for larger »extents

of . MU s.; The 51ze of slow MU"s 1ncre35cs steadlly,; wh1fe'ﬂfff

'ﬁhat vof FF un1ts appears to 1ncrease less 'and ‘compensategf

.o

";denervatron ”.leferences ﬂiﬁ: response between S 'and FFU:fV?

peo s 0.
R motor un;t types are shown 1n flgure 3 9 Graph A shows

.f;progress1ve f enlargementgeof slow. MU s .in4 response to

~ .

'f_'musclé forcev el1'*

'~¢%1ncrea51ng extents 6£ muscle denervat1on.‘ Graph fB'lshows‘"

"“ﬂthat EE enlarge predomlnantly 1n response to ‘severe, extentsf.fiﬂ

"T;'of denervatxon : ‘ o
» B . . . S ,-_"'/_. . . . . N B . . . Vf‘
'There 1s ‘a decrease 1n the range of muscle un1t speed ;;‘

s . / : N
ch 1s malnly due to an 1ncrease 1n slowest contractlng

.

LxrfMufskh;bdt- also to‘a decrease of the fastest \épntract;ng,_'

'”ffSee f1aure 3. 10 . T -
3. 3 3. Regenerated Motor 0n1ts.lv { Tﬂ}-h'l_?ﬂ.f‘7r%"fﬁfﬂhiff:‘
L Motoneurons vare,-capable of regeneratlng thelr axons - .

7hafsérj axotomy After 4 months of denervatlonzwef;obseﬁwedyz~

7hfaxona1 .regeneratlon from the fc; sp1na1 ’root'itq'”the’
e ;

L

4'denervated muscle 1n 4 anzmals. Three out of the 4 muscles'

a_were severely denervated 'u» all but one (E 5) case,;_the;l”

}'_ed(by SthUlathn of .the- regeneratedf'
iroot was{ only a smali part v
e ey, ‘ _ S ,
:e . L . .

muscle.‘(<20%) _gn every »case;quecovery -ofr force ‘was .-

.

‘that produced by the whole:

'robtalned ‘rom sproutlng of axons 1n the 1ntact root. B - L
Thxrty two regenerated MU s (regenerated motor axan
/3ﬂhp1us rearranged muscle unlt) were studled_ln these‘4 cats ’kff
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‘- Proportlonal MU expan51on with'

'_1ncreases ;w1th extent of part1al?"denervat10n. Geometrlcﬁ
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”fffEQUéres)ﬂt and‘yf_:' B) FF (empty dlamonds) and

diamdnds)**units ‘are plotted as a functlon oﬁ

_denerv ibn. vRégre551on_ llnes were-
a1l slow (n fB) and all: FF (n 25)

~.nqt-to geometrlc#means,~

L T
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el
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son of the sprout1ng response of
Data were d1v1ded

denervation-

.(cpntrql MU s) ”=< 25% —%approxlmately 50% and >
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'-fjnormal

L ‘ ey _
.;_(see table 3.1) and are grouped together Motor axon 51zeﬁ '
-;-jas measured by e1th%r axon potent1al amplltude or axonal;3*

’f_conductlon veloc1ty (f1gure 3. 1'A'graph A) 1s not recoveredf?fﬂ°

'fﬁtby most regenerated :axons (graﬁh ﬁ : However- ;7the.‘-

n

,Hrelat1onsh1ps_ between these 2 parameters of axon size darev"u.i

‘. L
L,

On the other hand regenerated ME_S were able to produce':'

f:forces w1th1n the normal range (flgure 3 WZ) even thoughj~f'

i ';thelr .axons ‘were thlnner than normal (f1gure=- 3 11)‘

v*'ﬁMU s in, relat1on to sag (graph A’ fatlguab1l1ty VS' tW1tCh:

o Sprouted MU s (graph C) develop 1ncreased force withoutlﬁ;f

444444

,alteratlon in their‘axon dlameter, Whlch remains i ‘normal -

. F1gure 3, 3 shows the type d1str1but1on of regenerated '

,mwcontractlon 5 t1me) Th type_.freqUency . dlStrlbutlonfj
. »J . B N :

‘:chorresponds to: the follow1ng percentages.u S 23%,_ FR323%‘3

ﬂf;px 30%? and FF 23% These

”i:”thOSe found in control muscliskl wHS%f,JFge

'doportlons are dlfferent than;;t

Y

e Ky e

.A;FF 43%) bﬁt more 1n agreement $Q$§Eth05e fouhgaaﬁ spr@UQP

;'-:MU s <s 19% FR 23% FI 23% and. FF 35%) The major ghangeq, ,@ ;

ﬁunlts:‘ d

f_ving' both experlmental groups w's ‘an. 1ncrease 1n FI

”malnly .at';the expense “of the FF type in hth' regenerated
o " w™ '

‘ qToup,- and ati the expense of.f 1 other types f the .

yp ?
'hows the d1str1but1on "
. . J4°org@

A?nlspﬂiuted group._The same - flgure also
MU s show1ng sag Sagg1ng and,non sagg1ng MU s c&n¢ be

ot

'-ﬂfséen ‘1n all 4 types of un1ts, ‘maklng thls crzterlon yery:bfi

L unrel1able for class1fy1ng regenerated motor un1ts.477
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;3;13.. Typé proportlons ahd sag property

When MU s are d1v1ded accord1ng to

contractlon tlme' »1nto slow- and fast'

fatlguab111ty (hor1zonta1 11nes) the proport1ons

ﬁhiﬁs,_changed Sagg1ng (seM1-f1lled symbols) “and

sagg1pg (empty symbols) are present in all types of

-

“(vertical
and the’Iéttei'group 15 d1v1ded 1n types accordlng‘

of»

"in,

‘non-

motor -

s
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. 3 4 mscussxon TR T

When part of the 1nnervatxon of a muscle 1s permanently»=

)

?remoyed the rema1n1ng MU s must adap to the new 51tuat10n o

5i:‘ the muscle 1s to perform the same phy51ploglcal role as::*':"""'~

AEN

ﬂfnormally ’and .v completely p0551b1e .:'dhéijf ther_fﬁi

'compensatory changes 19 the adoptlon of denervated“.muscle B

e 4.‘7 . -

‘yf1bers by the rema1n1ng MU s (Exner ‘1885° van Harreland

=H1945~' Edds,f 1950) ’ resultlng i larger .muscle:_unlts,
;fgﬁnother poﬂsxb ch j‘wouId be 'anf 1nc§ease .iﬁ'°£ﬁe hﬂif
- ;frequency of recruztment of the remalnlng MU s,; whlch iinf
“J#Uturn wpuld modlfy the1r propertles (fatlgue 1ndex, speed dfj -
'ucontractlon etc ) in order to funct1on at 1ts new 1evel 657

‘actlvrty. : L ';v -7:p, ',> L L L

-3;411§ Collateral Sprout1ng

“\(—'~:.“V\

‘ ﬁThe results @B.thls study show thatfﬁrelnnervatlon”

.denervated muscle flbers by 1ntact motoneuronsi;isﬁ“f*

fsurprls1ngly effect1ve response to. pd%tlal denervatlon;

h'the. cat.' The eff1cacy of thlS process 1s‘ ev1denced lihfi"i
* muscles .which were dgnegvated by more than 75% and the1r

£
¢ ?

°residua1-'motor axons, sprouted to .relnnervate denervated--

~,

m muscle f1 ers, as ev1denced by t‘h%h total reco;er\z o@muscle‘_""

v'force. MU force,ﬂrg the product of the number Of' muscle‘f:?

w'flbers (1nnervat10n ratlo) and the average force generated”f
hdby at‘muscle- flbﬁf-_ ance flimr force is a functlon"of--

"ffmuscﬁg f1ber sxze and’ the. 1ntr1ns1c force capabxlkt1es ”of N

':the myofllaments,; any of these 3 factors could contrlbute '1‘h

Cr



v . , F— ) “ R . . . W;‘" . .,
k v, - S .vvv SR 4 . . ‘, o ‘ vd Ce R
~ tothe . proportxonal shift of MU force response to
*zypartlal denervatxon. Measurement @& muscle flber areas fh.j-

:; equ1valent f1ber. tyqﬁp 1nd1cated that fxber/flae dgd “n¢%;-n

-:1ncreasev's1gn1£1cantly‘ Although changeslln muscle fxber

AN

:Qx;\contnact111ty can not begtuled out ~most of thib1ncrease iﬁ"*ﬂi

force: is: due to muScle unlt enlargement (re1nn rvat1on,'offﬂfﬁa

-»

S by 1ntact motoneurons)

denervited muscle flbl

4 : e
. fog ‘
' myese results 1nd1cat _that smaller (S and FR) MU s’ are‘_ o

5

l1ne of def_ Se. for all degrees fo§: part1a1

E@eq@ﬁyatlon. They are able to fully compensate for small

'deg;ees of partlal denezyat1on as shown .in7 frgure 3. 6
SR T

grabhs QBn andw F Q where the qprmally smaller

,w’S have
s -‘.
and the largest MU S have remalned

1ncreased ’1n 51ze.

“‘J.
EE)
'r.

unchanged_ with larger extents of denervatlon small (s and

no” 1xm1tatlon jin

contrast, '

'lafter, substantra_ "scle‘ denervatlon. extents' of

__denervatlon 'ach1evédf‘inf th1s study d d notv'reVeal' any
‘ _ : _ . : g )
i;f'fzntr1n51c lbmltatlon on the capab111ty of* motoneurons “to

.-,

vsprout 'ZThe _;al motor un1t s1ze (tetanlc force) at vﬁny

exten@izotl denervatloa was Stlll governed by motoneuron

"fWhen crusﬁzd ndﬁves 'are' subjected 'to; electrical

v

- stlmulatlon, *iaster recovery of muscle force is observed
. ,aa , '.‘

. on. the experlmentaEHSqde (le and Hopf 1983) 1f.motor-'

g act1v1ty enhanced '

regenerat1on (Gutmann and Jakoubek /”\\f

.




“la~ 1ndeed act1v1ty (frequency of recru1tment) is. related

.~that normally .very few un1ts~fall‘1-”

A - L o Wiy

e

1963) or’ the e§{:b11shment agbfunct1onal connectlons. ij‘

'}tqi‘

£

the 'capabrlrty;'of ‘a motoneuron to. regenerate- and form

functxonal éonnectuons - thlS would exp1a1m why slow, o

frequently recru1ted MU S are the f1rst to enlarge.

has long been Jsuggested that- -"un1ts g:re' lnfﬂ

x’

transiylon (Relnklng et al., 1975) Our data are in support

of' thls 1dea,' but rather vhan FI be1ng the only MU sj:in

S y
tran51t1on,. all MU s under experlmental cond1t1ons undergo

_—

,fchanges 'and » some d1splacement along the1r fatlguabllltyﬁ"

range.' It jUSt happens that the fatlgue 1ndex ggnge for FIiﬁ'

unxts represent half (from >.25 to' <.75) of the scale ~and

ffhlé,arange, that

.

flndlng 8 few more in that range w11 doUblef or nxrlple

thelr numbef MU transformatlon occu_

cond1t1ons anda 1t 1s probably a 2 way process 1n wh1ch la

' under experlmental"

}].un1t can, become less or more\re51stant »to- fatlgue. Thls e
:.-MU{s transformat1on malntaA p;the' fatlgue 1ndex%%etan1cd"

;fo ce relatlonshlp, so tﬁ:% in any. g1ven populatlon of MU" 5

o the largest are st1ll the most fatlguable. A few small_Fl;‘-

v

and FF un1ts observed in graph G, flgure 3.6, {epresent»u

exceptlons to. thlS observatlon.' These MU s have forces in

’\.l.
the range of S and FR types,» yet they fatlgue eas1ly, most

l1kely ‘E&ey represent former S or FR un1ts that havgJ/

changed thexr fatlguab1l1ty w1thout 1ncrea51ng the1ri551ze.*"

R

e R

"~§Th'j whole range of fatlguablllty decreased ash_seen:'inp°“



.f‘graphs' F G and H of f1gure 3 6-a the most‘ resxstant to ..

'fat1gue a's well as the ‘most, easqu fatv{

‘able unxts are in
a more 1ntermed1ate p051t10n*

_Theivrange of contfact11e speef‘”
'..3ﬂ10), \how1ng a tendency to cluster 1a‘thé%center of the;
range. ance the contractlle speed of the muscle fxbers 15'

<’L?ecreased (flgureh

”’1nfluenced by the1r 1nnervat1ng neuron (Buller,j 1960) andl'

the motor 4axons of these MU's" have remalned ph)ﬂ."lly

undamaged,- et is' llkely ‘that act1v1ty or another""lctor

B : o~

related ' to 'it.fis;respons1ble for the '1nfluence'_9ﬁ “the ..

motoﬁeﬂfonvbhﬂﬁhe muscle unit speed. ,
y : . ; -

Prev1ous sthdles concernlng motoneuron sprout1ng and MU

'enlargement ~in partlally denervaked muscles.' (Brown

' f_t1976,1977;-€Thompson, 1977, 197&; Betz '1982),x?re maxnly

'ca;ried.‘out'on.rat}and mouse. The d1fference in results

.presented:'herejwith tegard to the limit to wh1ch a MU can,

‘enlarge, " may " reflect anlmal specxes', and/or  muscle

differences. Our};datautend toﬂagree,with:Hatcher'e (1985);

fesults;,'wh1ch were also obtained from a fast muscle -of-
. . . . . \

' young cats.

h3.4.2. Afpnal Regeneration o . hf _ o o o7
1t ia..khoen~ that fegenerating.‘axohs grow’lback to

‘ denervatedrmuscles,e-thtobgh 5urvivihg”5chwahn_cell sheaths

( Poi%;is et al., L?BZ).e In partially denerVated muscles,

when they reach theif target muscle they preferentlally;

>1nnetvate denervated muscle f1bers (Thompson 1977-'Brown

'1977), : ht 'they can aLso.suppress nemly‘\formed synapSes
R @ O

r

51

“



between collateral' sprouts and muscle fzbers (Bro{n jana<]~
"Ironton T977) "especpally dur1ng early stages' of the

\', . . R . ,',

"sproutlng process

g o H el

{‘ We f1rst«saw re1nnervation of the muscle by regenbrat1ng

'ﬁ’axonsb’4' months after partlal denervatlon E At thls time,

: drelnnervatlon of muscle by collateral sproutlng is expected

to be". consol1dated 'The success of the regeneratlng amons

ﬁ?:tofret_rc.vate thé muscle may depend on the1r appablllty i 30
d1splacev colfﬁteral »sprouts or upon the»;ava1lab1l1ty off:
"* denervated muscle : flbers : left {be: thevf collateral h
- re1nnervatlon.’ All cats but one (E. 4) had enough t1me for"

b

the1r' cut axons to regenerate and re1nnervate the muscle,f
L but; only 4 s;owed ‘some rein;erzatlon by @%he"cut axons.
':‘“Three of these an1mals had the most denervated MG muscles.
Posslble explanat1ons for the successful relnnervatlon‘ by
regeneratlng axons 1n‘some cats are._va) tha all axons are,.
/dcapable hoff regeneratlng for ldng dlstances, :but uthosef'
growlng back to better 1nnervated muscles (llttle ”lnltiel:f>
denervatlon) ereh 1ncapable‘r,§f maklng : r'f'unc"-t.icbinal"".
:-connect1ons,”.and b) that successful axonal regenerat1on.b.

: :does not depend onl{ on thg 1ntr1n51c propertles ofe athe

'fheuron and 1ts pathway,: but also on the extent of muscle

S

ﬁdenervat1on,; 50 that the process‘of axonal regeneratlon 1s_
;‘better in. severely denervated muscle. ”:=~» '?*n"
Do regeneratlng axons have the same capab111ty to sprout'

Qm*as;lntact axons’ Apparently ﬂbt Regenerated MD" S were able

L, L X . [ L . PN .



'toihgrow-nto‘ a- normal 51ze range,"as Judged by MU fofce}ﬁ'

-‘ff competltlon from regeneratlng axons; and one could argue‘

thelr 1nnervat10n close to the muscle (Thompson, 1978) and‘;
regenerat1ng ' hd; »sproutang term1nals have s1m11ar,f"
. opportunltles 'ﬂd_i cbmpete- for denervated and, necently

E*'

.:. .‘
A

productlon (flgure 3 2;} TheSe results are Ln agreement;

-wzth those ‘obtalned q¥ Gordon 'and Stexn (1982) . When'

muscles are, partlally denervated g?*sectloni of /Part f'

relnnervated muscle flbers,-regeneratlng axons seem to havef;lfg

'the advantage. In-our expermments, sprouted MU s had enough'f“c

s

after regeneratlng for long d1stances, or'thatadenervated_hf:

vt1me to consolldate the1r sYnaptlc contacts before facxng'u

Ex . .

that thelr capac1ty to sprout hwa llmnted ugby. ethe

~;

exper1mental condnt1ons. HoweVer, in exper1ment # 7 all the-if

.11"

:1nnervatlon to the MG muscle wa'’s. removed (sect1on>of L7 andf‘

S1' sp1nal~ roots) and assumlng~that some axons' did:'notg

successfully grow back those that made contact with‘hthe;'

- ) 1'!\“" .

denervated muscle had the opportunlty to 1nnervate many“'

o
musd&e flbers; In splte of thlS, the size of regenerated

MU s was w1th1n normal 11m1ts and the muscle_was st111 left

part1a11y denervated These f1nd1ngs Sugge t‘elther that‘ﬁd.

motor» axons do not recover the1r potedtlal -fo_‘ sprout1ng

\

muscle fibers ° are progre551vely less " receptive  of

,innervation with#tlme. i

Regenerated - ﬁU's,_regalned normal force p%oductibnhu‘

w1thout 51multaneously rega1n1ng axon s1ze. Th1s d1ff1cuity

‘,.

ine recover1ng axon s1ze has not been found\when axons\ have*

© g . . -

oo :



'regenerated for shorter dlstances (Gordon andﬁSte1n 1982ﬂ¢

Foehrzng .et al 1986)

”ZSuch a dlfference could mean that %%

the capac1ty to recover axon szzef“s's1m11ar 1n both casmsf

4/..' . . ',/ﬂ /

"2

"'!thut the long d1stance regenerating axons are thlnnenghani

”

short d1stanqe regeneratlng axons Bpfore makln
”'d w1th the muscle,L and 1f enough t1me wés allowed'ﬁﬁbn' size

- e o

would be recorded 1n both cases,- or that 1n,&§dt,the’cell

: . 52 d‘}' _ ‘.
bod1es p Ibng d1stance regeneratlng axonsw“have made 'a'}.’

'maXAmum effort Ln”regenerattng the axoqs

fthe %arget t:hat”."'_'.-jﬁ't

S

rathpr than the result ,of»_

h'aabantagé‘of axons of ‘a certaln MU type."'fj.~7fy;;;ﬂé @ o

Thaeglastlplty e§h1b1ted”byfﬁhe cat MG'hotor unlts undef\

._ : -'l."'_.;) R ) S ’ xl a«L .;, -
dghervat1on'q§ythe |muscle 1s surprls1ng F1rst .
. :=;w;’ R A e
axoné 1nnerVate denervated muscle f1bers,,”n'j
L p L
\-,e 51zé of the muScle un1t by several',tlmés;@ -

by 1tse1£ compensates for most ‘extents lof*3°'f%

denérvatlon. Second regeneratlng axons can re;nnervate thef;ﬁi

Wuscr .a compleméntaly gioizss -contr1but10n of. thlS

process Eo Qhe total recovery o the muscle depends on the

©

denervated muscle and site of. axon;

- " ‘. ., . x

» ?s‘wamﬂ« “In. summary, the MG muscle of the cat is adequately
0{:5“{ N - s
?ﬂﬁ, relnnervated after part1al denervatlon. _-_@.”- o ‘«;_v‘

PR



—' el | CHAPTER FOUR o

=3

‘;»*;} a'ffV‘ o i e .f"f~“}‘~f-fe'
sl INTRODUCTION R R ZX R :
o _;Thé lateral gastrocnem1us (LG) and the :soleus (Sor;)f;f'”

" ’/muscles :ar synerg1sts whlch extend tthe{'ankle,-ﬁaremgﬂhn;nt

MOTOR UNITS OF PARTIALLY DENERVATED LATERAL GASTROCNEMIUS zhf ﬁf.

i/ )
. ..".

AND SOLEUS MUSCLES OF THE CAT

e

'_,:uproxlmlty to each other," rece1ve 1nnervatlon frcm the)same

1“attract;ve cpmb1nat10n to study the response of .aw fastF

L &

,nerve and share the same tendon of 1nsert1on. Yet the1r MU

s 3

comp051t1on is quxte d1f£erent These two muscles offer an ’

_'twitchg](LG)_ and a slow= twltch (Sol ) mu5cle to partlal

'_denervatipn;fZTrad1txonally, fast.'tlexor muscles,-gﬁf_the

“muscle. 'Resul s from synerglsts muscles therefore, woulg

rule 'out' muscle functlon as a determ1n1ng factor. yn“any_"“'

'galtered recru1tment,’. as dlscussed in- .chapter 3, -may: . o

]

AR o

muscle.» - ’n » ;j_f' ";J_ . :V> , i_rir . ‘;' ""f?

Partlal denervatlon 1ntroduces a change in the amount of

i

A

i these MU s. 1' L. .o ' N .!,};'."' 4@2&_

R Ha{%( el al. (1985) have shown ‘thétﬂceeid@afl motor. -
‘: axons 'f he partlally denervated flexor d1gltorum longus~'

-

C S - s ESN

ﬂ';dlfference that zmlghtﬂ exlst between a fast. Aand,ba~fsrbn; SR

¥

We studled the changes (enlargement angg)nterconveWSlon) offf

T

ankle _have been' compared"with the slow‘hextensoﬂ' SoléUs' ‘

'*phy51cal act1v1ty that the rema*n1ng MU 'S - perform. "The:fev'

'.1nfluence the- propertles of MU' s after partlal denervatlonrqu”’

muscle in the adult cat do not 1ncrease in size desplte the,,'

Lom

K
,
{

S



“y-great 1nqrease 1n muscle un1t 5121‘

' '.4 2. MATERIALS AND METHODS

’ .

\

(chapter 35‘ Other studles on-. regenerated MU 'S have shown”

_.v

A .
that axons recover thelr orlglnal SIZS (Gordon and Steln,

g

:1982-” Foehrlng vetf?al.,' 1986) after\ maklng\ functlonal'ff'

These results have been:f:

56

wadfconflrmed in. th1s study’1n the MGfmuscle of the adult cat.

connectlons w1th the muscle Are theSe f1nd1ngs 1nd1cat1ng;;-f-f

',motoneuron and that nerve muscle 1nteract1on can only helpf,"

f’j-that-:the {max1mum axon 51ze 1s entlrely governed by thervﬁtw

the expre551on ofj'that s1ze7- We re- addressed ‘thé-;'ﬁ.

R

n”5fquestlon of whether,gghe muscle unrt‘ enlargement ﬂcanif

Tyt

“ﬂfcompletely ellmlnated

"flnfluence motorf'axon ’51ze (see chapter 3) when partlaltﬁﬁ”l

: f@denervatlon 1s performed before polyneuronal 1nnervat10n 1sT: .

Sprout1ng af*er partial denervat1on has; dften been;n-;»~

- wv1ewed as a. ded1fferent1at1on to the neonatal status (Brown;

.fuéﬂg al.,i 1976) . Where muscle flbers,_are polyneuronally;"'

L. . Y

. 1nnervated”ihd motor axons 1nnervate about 5 t1mes as ‘many

H‘v‘muscle -fzbers as 1n mature muscles._ Dur1ng the‘ f1rst”:§o

Tweeks' of postnatal lee, :thls polyneuronal ﬂnnerVat1on 1sh.f(

'e11m1nated 1n the kltten (Bagust et al _‘1973) It partlal":

l denervat1on sp performed durlng thls perlod : wlll.mghefﬁ'

Hl7rema1n1ng MU 's: enlarge yess than in adu&t cats,' as they do

L.

'1n 1mmature rats (Thompson and Jansen 1977).

Experzments were condpcted on’ 11 cats of both‘Gexes. 'At“

xﬂ~the t1me of partlal denervat1on the cats were between 1 andp

.r-;jlz months of age._ anal acute exper1ments were carr1ed out:_;;"'



;; f"'j,":tff)g747if,;.__ff,fygeJ:,”;-r.ffff;f{'fﬁ}»;;fﬂ"

_ between 4 and 18 month’E after partlal denervatlon. Wnght

Bt |

A«Rq\

Of cats at f1na1 oPeratlon was between ?;;‘;“"
4 2.1, Chron1c Partlal ‘Denervatlon \as péfformed under

general anesthe51a and asepnlc cond1t1ons..The exper1mental
_ "

- an1mals underwent a lamlnectomy from S1 to- L7 On the rlght

.s1de,‘ e1t er 51 or. L7 splnaJ root was cut extradurally No

attempt asv made to prevent regeneratlon.“ An1mals‘ were

ma1nta1ned freely mov1ng in larﬁe cages.ff{f

4 2 2 Extent 126 Muscle_ Denervat1on aspfestfmated'fas

prev1ously descrlbed for MG muscle, vtak1ng 1nto account."

e

electr1cal charge and muscle force.: In most experlments LG

«3\ .
: and SoL muscles were szmultaneously studled ;s1nce the LGS

nerve 1s common to LG and Sol _ muscles and both share thé*

same tendon of 1nsert10n, vthe 1nd1v1dual contr1but10ns L7,Q

; and S1 splnal roots to ‘the 1nnervat1on was assumed tq “be

51m11ar for both muscles..; SR

4 2 3 vAcute' Experxments were carrled out as’describedtinv”

general methods (see chapter 2) In the experimentsh'in

whlch both muscles ‘were- studxed$ the LGS‘ nerwé‘,was

surface of each muscle. 'The muscles-were d1ssected free

?dlssected free for ‘a 1ength of égobt 20 25 mm prox1mal ‘;é‘
. EAR
the LG muscle.,An electromyogram probe was sutured .unto the:

"except for thexr proxlmal attachments and both were t1ed to

. a force transducer through the same plece ofm calcaneous_ff

" bone. 'After 1dent1‘ypng a 51ng1e axon, 1ts correspondzng; e

o




?fthe Sol component of the LGS nerve was also dlssected free'fo"'

R S . ) . N . . .

Y 3 stuurs Com

'ffrom that of the LG

‘"'f"4.3.1- Lateral Gastrocnem1US Mu5c1e.n,;;h

Ew oy

D

-

v

°

i

N3

vaG 1nnervat1on on the control 51de.

A
;‘MU'S‘ 1n 2 cats. Forty s1ﬂ sprouted" and 61 regenerated

‘:f un1ts. There 1s also a smaller number of slow and FF ‘and

fﬂgt al.,_1986

Gexpe51ment5"in3~wh1ch pn)y SOl "muscle was studred (see

7u;5 jThef motor axons 1nnervat1ng the LG ‘muscle left fthe--

'=.elsp1nal cord through Sl and L7 ventral roots. N1ne of the 11f”

A total of 135/MU 5 wa? stud1ed Twenty elght control L

’fl!Mu s 1n 5 cats (see table 4 1)

vllf4 3 1. 1 Control Lateral Gastrocnemxus Motor Unxts.ﬁ When_

'wtcontractlon- t1me and fat1gue 1ndex (f1gure 4 1 graph A)

\lrihd the MG muscle,‘ and are as fast as:. the rest of fast LG

'”i'theV range of the constellat1on of MU s, 15 51m11ar to thaty

P

s

'f.vaUal 1nspect10n of’the 5muscle contractxon.f"lhl those,f;rfﬂ

5f.‘table 4 3) ” thxs was d1ssected free from the LG muscle and.i'

'7cats had a predom1nance o -motor axons ex1t1ng through h?d‘uqij

-.aventral root as. judged byIthe contr1but1on of that root toif.-“

;MU s of the LG muscle are cla551f1ed on the bas1s of tw1tch o

B of - MG muscles (flgure 4. 1 »=graph B) However,_the LG motorzt‘n

';iunlts of the FR type are faster than those of the same typef'_

. an. 1ncrease in FR MU s in the LG muscle._ Our control data,ifﬁfn

'h"aref szmllar to those of McPhedran et al ' 196§Land;Thomasd{fgﬁ
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Flgure 4

tw1tch

e
O

(.

o

”ﬁ

0254

dlbtflbUthﬂ.‘

é& centrol

g

cOntractlon

: “unlts,'empty‘ ymbols._

t1me ;for control

(graph B) motor un1ts.e

fast un1ts. o

- :Twilch contractientime (ms) 120

Comparlson between LG and MG motor un1t 'types

Fat1cue 1ndex' 1s plotted as a funct1on 5of3

-

(graph A) tana7

. symbols: elok,



- 'TABLE 4.1,

q?{Cat

'5TabLe
control
“Enough.

occurred
'_‘substantlal

":emoderate (group III) and severe (group IV) denervatlon.

SUMMARY OF LG DATA
. Number'of
'Spinal\, - motor units
‘root - % of - _studied
cut-'den.

& - ‘Pime. “‘a,; ;

,Age at*: after' Weight
den. exp. den;.at exp.
(---months--—) (kg)

w ‘w

NN

-, -

J)'

St
L7

0

- 69

< ....3 -

I
I

. ’ Group_»
ke : ap
4

11

S1.
L7

WO Oo o

93 .

1
o 1
88 8
T - TR 4.1/
94 1

W N

R TR

4.1 Summary tablehof LG sprouted motor

(C%) ‘and 5 experimental (E.)  cats were
surv1val tlme after initial. operatlon ‘was
for regeneratlon of ‘the cut root to occur.,
in .the cat with little denervation’ (E.1)..
regeneratlon' occurred. in the rest of
also table, 4.4), 'Data were grouped as’.

1), MU's from muscle with - slxghﬂ

~units.

. allowed

control
‘(group.

(see:
(group

No regeneratlon;;_
.and-
"animals . -

M?)_‘;fj :

IIT

Iv

5 Ton,
-studied.
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61

' when ‘fatxgue "1ndex' is plotted as a (Iunctxon of log -

- tetanlc force, the range of t tan1c force of LG motor unlts

ts s1m11ar to that of MG motor unlts (fxgure 4 2) However,

,there< 1s less overlap between forces of slow and FR _dni@s;,;,"

’

,motor nnlts offLG musc%es‘showed ‘a wlder range 'of» force”
. ' . . \ .

»'dUe‘ to a*bxgge# 51ze of FR un1ts of the LG muscle.ijréﬁ.

ey The average tétanlc force “of the fast group of 'motor R

v ‘to ‘the- extent of denervatlon. There was%x

unlts w b17

,-‘

the MG muscle see also table 4 2)

Abetweenr the sag and the tyltch contractlon txme crlterxa,

'?7gfor' grouplng normal MG motor unlts 1nto fast and slow is

3-not'das; promlnent 1n normal LG muscles. Sagglng -and” non

Sagglng MU s are dlsplayed dn‘:a fatlgue 1ndex tw1tch
| contracflon time graph (flgure 4, 3) MU's of 1all_ types
\ sagged whlle some fast MU s d1d not sag |

4 3 1 2 Sprouted Lateral Gastrocnem1us Motor Un1ts.

-;4.3.1,1 1 : S%g_ Phenomenon.‘ Th general correspondence

ger tha% that of the same group of un1ts dih_,*:*

/

. 4 3. 1 2 1. Motor Un1t Enlargement When MU tetan1c force is .

dlsplayed on ‘a Log scale (flgure 444) aw'a funct1on of the

« '\\-\';'a' k)

: .I. ) o -
for dlfferent extents of denervatlon.,‘~;¢gent1re‘range of
K 7 ’ . . " L. X b ~‘ . . -

77,/’MU sh}fted to the rlght along the forceg;

’the MG muscle in chapter 3. These results.d}. from«those‘

of prev1ous exper1ments (Brown and Ironton,_»_ N_i

the capab1l1ty of MU s to .sprout (graphs A:-J kas shownjfor:

L

'1~1977)' performed on d1fferent muscles and an1mal spec1es.f

L
A

"';]

of* fat1gue 1ndex (A D) and tw1tch ¢ nti{ct1on tzme (E-H)_
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6 . Tetanic force (mN) 600

Eiguré 4.2. Fat1guab111ty and force productlon of LG and MG

motor}QUnits. FatIgue index is plotted as-a funct;on‘ of

Vtetahic force fbr control LG -(graph A) and‘gcon;fol MG -

.(graph B) motor unlts. 'Fllled symbols‘-’sléw'Unitsj 'empty’

N

: symbols* fast-unlts.-f. f~- : _f_.» '1'   .’ﬁ£>{



Fafigue index /.

'

;éigqge 4.3,

‘Control, sagging (sémi-filled.-éymﬁbls) and non-sagging

(émpty symbols),

s "
“index-twitch

T\gi}h contraction time (ms)

¢

Non specificity of the "Sag Phenomenon".

moton,units'arevdispléyed on a fatigue

~contraction.graph. ~Not all fast MU's sagged.

-

andg’Qg the_bther hand, some slow cont{acting MU's did sag. -
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 TABRE'4.2. COMPARISON OF LG AND MG MOTOR UNITS | |
| . L6 muscle  _ Tf.:H o MG muscie %:f
o MU type Slow PR FI FF K11 Slow FR  FI “FF all
 Bercentage of MU type .*‘f-"_i“n T 7  . TR
%) oo 114377 110 3571000 029 23 5 =43 100
‘Tetanic force (mN)' T i : S ,

B

K

.. Sud ﬁq ‘.

af

‘Mean 19 249 371 600 363 © 54.113 459, 428 2537 ¥
oSG EL e L T, 149; 246 - 255274 45 .79 2367@T28} ZQS%‘”

-“Tw1tchvcontract1on t1me (ms) S
'Mean .

W -

]

'

' Table 4. 2 Comparlson of. LG and MG motor unlts. ‘Mean values' “

“fi!or MU tetanlc force and. twitch. contract1on time are ‘given,
f[standard dev1at10ns of the means are g1ven wlthln :
-parentheses.. L ‘ oo s

LA

T

71. . 25 22.-‘27 '29 56 30 24 21" 36 .



L:.A,&/(h_._“g‘,v i o s
: Graph' D:jshows.data from the'most vdenerqeted LG muscles”
- (93%). Ln wh1ch the rema1n1ng MU s 1ncteased the1r or1gxnal“
‘size . by about 9 t1mes. For the loss of small extents of
" ‘innervation _(graph B) the muscleg response s ani*lnf s
1ncrease§'1n size of slow MU' s ... Graph C.(78% denervation)

2 ‘ A T
shows some enlargement o; fast MU's ’while slow :MU's have
~'en1arged‘several times the€ir original*sEZe. It is not until'e';
vdenervation ‘is severe =(graph D) that fast MU's - show "a .-

¢ . o A . (

SUbstantlal 51ze enlargement. : .

4.3.1.1.1t o Motor Unzt'm Transformation.  The 'normalfﬁ

.

distribution‘~of'yLG motor unit types:was'sﬁown in flgureip
4.1, Thisf'dlstributionf‘ eorresponds'.to :the,'tolIOWing‘
.proportions: slow=,26&7%, FR= 42.}%; Fl= 16.7% - and FFe
735l7% : Iflimusgles 'are’suhjectedrto partial denervatlon,pfsl
‘MU's move not only alohg the force axls, but also along the;h"‘
'hfat1guab111tyh'axgs (flgure 4. 5) consequently a ,greaterp

| proportion. 120.5%) of " MU s is detected in the"FI‘.rangel
~((>0.éS' but.‘< 75)91n the sprouted group (graph B)prrapE’;/ff_
4.5, :also shows the rarﬁ;lncrease in fatlguab111ty 7o§: 2 R

slowly contractlpg MU S gv,; o . ',._ S pf'?*&

4.3.1. 4u..Axon \§1ze 1n Klttens The akbn‘size of sprbute \'.
MU's " in LG muscledfof adult cats dld not changgki Bué when f\
axon potentlal amplltude is plotted as & funct10n~ﬁof
tetanic force for k;ttensr(figurd_4.6),_ we eanf see a
prOportional inerease of axon slze with mhsole unit';Size;p‘

% 2
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plotted | functlonf of tetar1c fo:ce for dlfferentr

s

extents of LG ﬁenervatlonW' A O'(control) B 7% C= 78%, andn":‘*

"a

D=93% of denervat1on.,‘(510w" fqlled symbols -:Fqst' emptyg
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'.:denervatlon.b Fatlgue f 1ndex is shbw'n a"s‘-"'.*a” fuﬁctlon _ 6f:”-'

f_ftetamc force for control (graph AY and experzmental (graph o
: ]

) _;‘"':B) motor .un1ts. Slow'. f111ed symbols,' fast- empty symbols. PR A




Swl S llllllL 1 1 Hum ST I N U
_ Tetomc force (”.‘.N.).. e

Axon”potennol omphtude (,uV) S
TT rrrl';."' T

eef1gure 4 6. ;Axon seze 1nc}eaees 1n sprouted motor un1ts off
'ethc kitten, Axon potential,-as a measure of axon dlamenter,e
| d1$p1ayed versus tetanlc force of sprouted MU s of 5theﬁ»
i.fk1tten (dlamonds) and control MU s.are also drawn;ifeffp
Eeucomparlspn,; All~-Lqi musc%gs were: hxghly degervated  5°§i'

I R
" {stud1ed aftér long perzods of tlm' o




4.3.2. somsus MUSCLE A LR ”

”: Soleus muscles Qere" exten51vely denervated_’(>68%)

‘?

. ,except for (B 6) in thch-only 12% denervat1on FWas S e
S I R DEICCIRI SUROITS SRLE PR, WA
‘ach1eved. ;_ _ : R SR ‘ P A

Contrary to MG and LG muscles,_ the partlally dehervatedjlhﬁy?fﬁ

sgleus muscle frequently falled to recover fitsf or1g1na1 N
v’force (table 4. 3 E 6-8). fv.ﬁ -VH*FFQJ d“;h j';"_g,(

: Axonal regeneratlon to soleus muscle was mlnrmum‘ Most of ;é_
o o .
thev regenerated axons made contact w1th the LG muscle ndﬁr"h'
'oniy. veFY; fe w"fe1nnervated “the: vsoleus muscle.'ﬂ‘Iﬁﬂ;ﬁg
exberimehtsé the soleus muscle was studzed 1ndependently to-.
determlne the proportlon of regenerated axons relnnervatlng °g. o

1'thls muscle Regenerated MU's were present in 1 of the:,37" v

7fr‘exper1ments and e11c1ted less than 1 % of the total muscle

One hundred ;aand‘“'twenty—five- MU?s' were - studied.

.

'Control 38 :‘spronted;*BB : and regeneratle4’f All\_unltSf_}f

e slow anﬂ re51stent to fatlgne. S “;f'fy ? |
;i{ 2 1 Control Soleus MotoruUnxts. The9'soleus muscle 3
jcontalns fa more ﬁhomogeneous populatlon fof MU s jaffhé;“ﬁ;l

¥
propertles of theg/'MU 5. var1ed over narrow ranges as shown
1n flgure.4 7 where all MU s exhiblter tWItCh contractlon'ﬂ' S

@‘m greater 'Yhan 40 ms and fatxgue 1ndexes !of=faroundv;5?,v,

o l(graph A) ' tetanld, fovce 'var1ed between A10 fand'326é"'

Aafiibetween 7 and 25 uV ﬁj.-“"

" mN. (graph B) and most axonal conductlon veloc1t1es “were f:74

'"jiibetween 60 and 90 m/s (graph C) potentxal amplltudes were;f

f
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200 L1 6000,

- Teétanic force (mN) .-

) 'Aropa[ "c'ondt':clion _vjelocily {mys)

10 1143 : 1

Telomc force (;nN

7us motor unlts."

1 was glven to all MU“s 1n one experlment

s

BN AN

Fat;@ue 1ndex_3i$’

fatlgue 1ndex,f_l*

Graph B showsfaf

all MU s produced

forces

_vs tetanlc force,

between 10

veloc;ty vs force.

and 200 mN
=

v
Graph C shows

_axoqal

conductlon;’
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‘ [Figure.f4;83 Sprouted soieus mdtéf units, - Propert1es ‘of
sprouted: soleus motor unlts are d1splayed 1n thxs’ flgure._f

V:Graphag. fatlgue 1Siex vs tWItCh contractlon t1me- fatlguen; ""

Zi@dék”bf 1 was glven to all MU s’ of one exper1ment Graph‘fﬁa

“ f B;fﬁv£at1gue 1ndex' Q tetan1c force. Graph C~»_axonal' e

f?;'conduct1on 'veloc1ty,. asv a measure of axon dlamjter ‘,vs-7
'fftetan1c force.; MU s propertles dld not ghange thh muSch;' 
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“?lﬁﬂunlt enlargement (graph C) ‘;}J:}.,yr-l~.;}ﬂ?f'",
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4 3 2 2.. Spro%ted Sdleus Motor Uw:ts. Sprouted soleus MU s

d1d not exh1b1t drastlc‘changes 1n thEII properties, except

ii¥§or,?tnet.1ncréase in %orce. F:gure 4 8 dlsplays: graphs fl

: R TP
'ﬁf51m11ar to thoge in f1gure 4.7, watch contractxon tlme and

Tt

“*fat1gue 1ndex rema1ned ulthln normal l1m1ts (graph A) MU

'

"ffatetan1c forcerenlarged by up to 6 tlmes w1th no'changes 1n

i7‘fat1guabllxty (graph B) and axon'dlameter, as measured by

”-J \,.. .

L axonal ‘condUCtlon veloc1ty,, d1d net 1ncrease w1th -muscle"

8,y

. Ce o
‘ 4 K2

Enlargement of 1ntact soleus unlts was not as reat -as'f‘"'

".‘E

ﬂlﬁjf1nfthe prev1ous 2 muscles, and muscles fnequently fa1led to

. )
a -,
[ ER .

if;recover thelr orlglnal forces., Flgure 4 9 shOws thatv-most

7:leMU s (d1amonds) from extens1vely denervated muscles (from

ac

{'i69f to 94 % denervatlon) tended to cluster between 300 d,,;vt’nl

“_;700 N' Contrpl MUs (sguares5 ¥ also drawn

[T AN
t‘.‘ l

,n;compar150n._ Only aone anlmal (exp # 7,M

.
N

T?lncrease,}inf mean tetanlc force greater than 6

f{?fold 1ncrease) Thlssanamal way the largest studled (5‘

.nf4 3 3 RegeneratedbLAteral Gastrocnemxus and 5°13““'"°t°r.._;;5,;;;

'fff;,' Un1ts. ﬁfgfag . B
RS S . 4_L X S ot e i
L Regenerated MUds ef these 27 muscl
Q,together 1n_th1s séct1on.gha ;,;;Q'?tu;

e

prev1ously mentaoned incnalﬁregenerat1gn te shleus

s sl cT

L.
Fatlgue 1ndex vs thtch contractxon txﬁe of control LGS

5ﬁ£§un1ts e;f

».

0_‘

ff}m’scle was llmxted andjonly Q MU'Q wege studzéd. ;ffﬂf[3{-'“

tfgraph A Contractaon;f

L
L
A
'
“
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denervated (69 94% 9f deﬁgrvatxon) muscIes (dxamond%i;”'
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"ttimes for fast MU s are faster than 35 ms,’ and there are

\l

s

o only 3 un1ts w1th fatlgue 1ndex between 0 25 and 0 75 when.f

"d regeneratedv (graph. B) and sprouted (graph C). MU s 'are'

pldtted in the same type of graph (graph B) 1t is- ev1dent._

that MU s from the fast Gy oup are more slow than normal andh

that thelr fatlguablllty 1s more scattered ma;nly due‘to a

-decrease in" the”_fatlgUe '1ndex‘fo£t the' FR group.

) Consequently, FI units 1ncrease in number,

i

The relat10n3h1p shown in flgure 4 ) graph A, betweendl

tetanlc fOrce a ¢ twitch contractlon tlme for control MU s

depends on the xlstence of a slow group of un;ts. After
axonal'.regeneraQ1on (graph B), _islow MU' s"enlarged their

sizes beyondv the-normal ramge, and the relationship Iis

lost.

7un1ts, fin- wh1ch all axons were smaller than normal some

in the normal or sl1ghtly above the normal range w1th veryj_(

"force axon‘_ potentxal (graph A) d tetan.c

The; relarlonsh1p between 'aXon pote—lial "and tetapic

\force (f1gure 4 2; graph A) is also lost for regenerated

>

,,:axons have reached or surpassed the norma‘ axon 51ze range;

. ‘ .

small axons.? These_ﬂzf groups ij’UnltS have d1£ferent

T

_3age,, and .the~,second comes from cats denervated durlng g
‘Z adulthood In f:gure 4. 13 motor unxts from the kzttens are

'-grouped together.;.Normal relatxonshxps between' tetanxc

p‘(

. ", : :,

',MU s (f»qure 4 12 graph B) In~contrastrto regenerated MGi<

nbbwhlle others, 11ke in the MG muscle, are generatlng fOFCes,vv-:

& -

_«origins, the flrst comes from cats denervated at 1 month of j7"'

¥ -qt rce— 4 :
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Ey \‘,¥ un1ts. Fat1gue 1ndex 1s plotted vs contractlon time for- A-;
| control (squares) for B°3 zegenerated (tr1angles) :ard C: -

5}»f sprouted (dxamonds) LGS un:ts. Graph A contalns MU s from 2;'

T studxed There lﬁas- a prolongatxon of twltch .contracrzon

P Flgure 4 10 ‘Centfol regenerated énd‘épfouted-tdsimOtonvi'

- s . ; .’v‘ B
experxments [in‘ whxch bothﬂmuscles (LG and Sofeus) were"

'T_ ‘.txme °tor fast MU s,- and an 1ncrea5e 1n the number of - FI‘de;fst

unxts £or regenerated and sprouted MU S>(graph B)
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.Flgure 4 1: Slze of control regenerated

(

motor un1ts . Twltch contractzon t1me i“( pletted as*sa

/-4

.functién.yOf_,tetanrcvfprceufor‘hi control (squares)

regénerated,'(triéngles) ~and c: sprouted (d1amonds) ”QGS
) w metor" unlts., Regenerated MU s enlarged beyond the _normélsf

‘réhge. but . as much as sprouted MU s. Slow (fllledﬂ _

7symbo s) MU s seemed to have enlarged relatxvelylmore.-:

dfsprouted LGS

£y
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f”regenerated LGS unlts.. Axon potent1al amplltude 1s plotted

f t a,gles) k1tteni ‘*‘:t;n

=)

T3

g o

Axon 'vp'oten'ﬁei'- _amplituge

e

: E Sl

'h”"5 1ﬁr7““"fiﬁ4n‘fAd 1~|Lu1u f'r»illt 55*7 ;.f};
6 Tetonuc force (mN) P 6000 g

. - S ‘. R ,.:«wézg

‘ F1gure 4, 12/ nAxdnt and muéble un1t 51ze .of control and

v A

’?5 a funcglon of tetan1c force for contr01 (graph A) and

”Qgegenerated LGS unlts (gsaph B) Thg_normal relatlonshlp of
'tthese 2 propert1es seems to be lost 1n ~regenerated MU' sf~;,
< (graph 'B);: however thls graph 1ncludes MU's from cats*‘ 537?

"”diffefentf_ages,, (empty tr1angles) adult cats and (dotted
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Flgures"4 3‘( Recovery of propert1es by regeneratedrmotor:*:

LGS unlts 1n the kltten. Axon potentlal ampl1tude (greph A)

; functlon of tetan1c force*for regenerated MU s. Interrupted

- L0 .

llnes represent 'the correlatlons for control data.; Bqtbﬁ'

' propert1es have been .re- establ1shed .;la;;tifvfw»'"'f& e

';f_and tw1tch contract1on t1me (graph B) are plotted __54




fcontractxon t1me (graph B) are re*establlshed

that these .regenerated axons are of normal SlZEfJ

R s L e T S
'hplnnervatlﬁg muscle un1ts blgger than normal--J‘ S RS
. N . K3 L . oo . , “.’. . ] . “l_ “:

17._Partia11y Denervated Lateral

' process ofv<5e1nnervat§dn f}?'_?f*
: ' SN ‘ - ad i SO SRR ! i "'.—'" : R
partlally denervated LG muscle was s1mllar to that of :

A

part1ally deneroeted MG mU$Cie";-1”frf?',:;:ff";hfif':;filn”Fuﬂwf
4 4 1 1 Collatera} Sprout1ng All LG musdles ‘recoyered | -
ol thelr o or1g1naf forces,v q\f Fes;duaf Md!’d' enlarded ;'QLFJ
' vproportlonallj.to the extent of. musclev aenefMatlon. Slow'_dlffj:

frequently m@cru1te9 MU' s were the flpst to 1ncrease thelr

e

"';force and compensate for small degrees of denervat1on-

' .y

a wh11e§ FE un1t§ reqwzred severed extents o[\denervatxon _toh dgf%ﬂ
o 1ncrease thelr force; No l;mltaglon on - the capab1l1ty :§fi;h
. mptoneurons 't_f‘sprout xwas observed for chetyexpgntsl..“iﬁé ’
| 'hhdenervatlon achleved»xn thesj’experlments.e,:n;i~:fT;T:_~{gﬁf:f;??
éﬂ RelnnErvatlon ff'AdenerVated muscle flhers by’ re51dual
de* motbr*‘axons in the‘; rtlally denervated LG muscle 'fﬂ&thédziigas
;Tcéﬁf,ls an'effectlve :ompensatory response._ The capab111tyhiph 2
quﬁfbfﬁg';i'”:” - h Mu'g'to enlerge Was much qreater \than ;;f?;;
M prevtousdy found 1n gther muscles and an1mal specxes (Brown ‘fi“
‘and Ironton,;:i978 Thdhpson and Jansen 1977) and\more in. -
'agreement_iw1th.hthat. found 1n fast.muscles ofh thej*bat[”_ .
(Westerman' et al., 1979 Hatcher et lr:”;1986) ﬂhese'fifgig
§ wfesults suggeSt that the number of denerwated moscle flbers b‘%




found,n the causes of thls llmitatlon must \be

outs1de the‘neuron obstacles,_vsuch as connect1ve t1ssud&

and d1stance between sproutlng J&on and denervated muscle

1 s g
flber, amount of st;mulus for sbroutlng rece1Ved by t& ;i,

i . P

'?sproutlng axon,;_and/or '1nnervabr11ty" Gt/@he denervated

e g

muscle fabers."ifY‘ S s _ y%.;,;
'ﬁffdehe'feaﬁliér partlcxpatlon of slow Mﬁ s 1n; compensatlng j

R ot “”&_
s i enervat1on ﬁound 1n thls mUSCle\ng @ki? found ﬂ;ﬂ

A e

MG muscle._ é p0551ble vexplanatlan" for ' thlS {Vﬁ

'b

d1fference n_ :esponae between slow and fast ;gontracflng
R A . i N . N
:*j{Mu'S‘ could be ﬂ;h amount ‘of act1v1ty (frequency ‘of

'tpfr recrurtment) they perform.ﬁ

| dUrlng small  #;
RPN : s T i)

4extents of dene'vaggon,tnslow frequently recru1ted unlts

enlarge f1rst

~“as denervatlon 1ncreases the rema1n1ng MU' G

are recru1ted




ﬁRedlstrlbutlon of MU typx has been prevlously observed

.4-. AL I
(ﬁe nk1ng et al 1975 Westeqman et al., 1979 Thoma et
'Y;,;"éhi 1986) An 1ncrease in: the relat1ve numb‘r‘of MU ?og

1ntermednate fatlguablllty was observed"thls chagge 1s not.-vL

bV% best perform . the : functlon o£/ the i muséle yh “ﬁ
-ukﬁlzedlsifybutlonlf}l pefd%hén;, ,rather 'thanovtransrtlonal r‘7
B Sane 1t rema1ned for long perlods of tlme. Unﬁ' B “ﬂh;& '
;Ffrxf In aqreement wlzh Hatcher et al-¥ (198%) we found on LG‘*’h

ff}EE}aSQ well as on MG muscle 1n the adult cat that motor axons

v""\

“.;a not 1ncrease dlameter desp1te the. muscle unlt

;)':v' T b

TiTﬂ‘ enlargement i However, when. mUscles were denervated at l‘yﬂ
. S . . . > >

G -

month of age,f the sSize of the axon 1ncreased 1n d1ameter-7

‘=‘?aé' measure %y axon potentlalﬁam311dee. Most_Astudxes 'n?.;{
bre1nerwat10n after nerve sect1on (Kuno et ?974 Gordon >y
3E;ll_et al.,‘ 1982-7 éoehrlng et al.,J 198f>'*hve enpha512ed the %
ﬁw~‘. neeovery‘ tn Aﬁbn"ﬁzasuréfuéﬁd' propert;e”' after muscle v\

‘.__A“ : p T : ‘.,‘
relnnervatlon bue- less _attentlon has been glven to the

fe*‘ 90551ble 1nfluence of muscle on - axons.; Obr‘results ln5 theﬁgt
Kri;\kltten; suggest: that the t1nal 512% of ‘axopns. 1sf:not::af1:f"f
v; | genetlcally predetermaned : but 1t .can be 1nfluenced by the,r?i
‘ftburf data on k;ttens also showed that ;rema1n1ng MU s._T?
'lﬁi'lenlargeé as much as rema1n1ng MU s 1n the adult cats.'These ?ru
%f;; f1nd1ngs contradnct those of Westerman et al (1979) /wﬁffff§
L e w R
= . . B P LR Y SR




" S found that‘%oleus-MU s of k:ttens denervated at 2 weeks bf

‘_o

age 7dqd not enlarge as much as those 1n sqleus m05cles.

The1r results were j;d,,:;

‘~{'v"

‘ denervated when cats were adults;ﬁ
'5-:"..:."" R b : i

“f'support of, the 1dea th;\\ the hprocess 'f polyneuronal

o

Lal e11m1nat1on : cont;nues after\\partxal denervatxon : ﬁ*

deveﬂopment anlmals. and that €he 512e ofvnes1dua1 MU s 1n -

’

"these anxmals 1s edue 'to Aanhzlncomplete i polyneuronal

ellmlnat1on and ~not to a sproutxng .process.gvh poss1ble

<

explanatxon for the» dlfference 1n resuLts tis tkat lweﬂf

. v ) BN
. P -

iﬁaﬁf denervated thegmuscle at a later an1ma1 ageu: perhaps ,when

Te . , - "-‘ )
:fjf‘ mos& _ the polyneuronal ellmxnatlon had taken place and_‘;;
) ‘ ,.‘? Sl .
\l: axons have probably achleved adult capac1ty to sprout S

. N

‘f4;4 f 2.. K&onal Regenerat1pn. The contr1butlon of oaxonal’*”
e ‘ - Y P

,f's'regenerat1on to the re1nnervat1on of LG wa*/larger thaoifor

o MG musclef” The 1nclus1on"o klttens"onrthe—ﬁQS‘exper1ment5'"”
'ﬁﬁ;:could account for thlS d1ffe ence, s1nce St1mulat1on of the f(fa

“dregenerthd ventral root rn the 3 klgsﬁns produced forces fi,
;:w ,(io 40% f the tatal muscle force) largerf than' those

produced by regenerated rpots 1n adult cats (usually < 20%

3

t%; of the total muscle force) The greater capac1ty of klttens_;;;

":'f;t successfully regenerate severed motor axpns could "be. -
!»Cl e1ther‘jthe;:result~of an age related aqvantage,., ?ihthgvv'
.‘“,result fof; smaller dlstances between s1té o%-axon sectlon

and denervated muscle.v Only the muscle w1th h lowest

o

'fj;fdenervatlon fnas not pexnnervatéd by 'regeneratmng axons--*‘”

e Y

thls phenomenon was also observed 1n the MG muscle. We have

L

postulated (Chapter 3) that axons regeneratlng §¢‘A longq*;h

~ ;v -



because

[ A:" N

"vonf‘.reach the muscle. ThlS stlmulus"fzwould be
3 # ‘

’f‘and alfo explaln”why axonal regenerat1on plays7
é . CL e L e

greater-:ole in the most{denervated mu°cles"'ﬁj;wf57nf d;rj“*

e

ﬁ‘“Cﬂ-‘alg;lnaltforce._‘,

.‘,.

nenlarge beyond
i _4“"' \dﬂc

\ A PR

,ﬁe;knon‘thatﬂﬁ:

ns,: and that slow MU ‘s

eus qmuscle) are capable'ofﬁ
) .

o

AN [

'5 role 1n determ1n1ng the extent to 5Wh»

N

nfxbers *re1nne%vated by regenerating axons wwere

3 ervated;

dlstance do not have the same capab1l1ty to sprout, extherfﬂd_
&of l1m;ted supply of materlals by the cell hody, orf;?

5““.hecausei_the stlmulus for do1ng s0. has decreased by thgfk |
*
3

Contrary ft_f What happeded»1n the fatt thtch MG and LGti~7

muscles the soleus muscle frequently falled to Eecover 1ts:g'

o 4 2 1 Collateral Sproutxng, ReSIGj?i” MU s 4o£iﬁ-£he:t.
Part1ally denervated golequ muscle enxaﬂged by g v€? _
t1mes the1r or1glna1 51se,j'but were unable,to aGEQUately;:/

T fold 1ncrease (30Q 700mN) Thesébfsf

‘results compare 7well‘“w1th those of Thompsonf and Jansen.jf5

(1971) and Brown and ironton (1978) who havo emph851zed;jf
m1lar. upper 11m1tsibs the max1mam capablllty of HU s fto}&

.rout.f From the re%ults on the prev1ous 2 muScies;_MG and*'\
| I;;r1n51o llmltatlon 1s not present 1n thef-:
151m11ar to those const1tut1ngvﬁ'
»enlarg;ng t'exr s;ze"manye:
_ Th;s d1fferenceisuggests that deanva]ed muscles maj;?ﬁ
| g "fi_s1dualxc

1can sprout.ﬂ Karpat1 and Engel (1968) observed thatf“-



S ﬁ was determxnxng, to a certaln exte

S

9roup°d tOgether %nd that 1ntramuzcula; connect1ve'~t1ssuef'v-

,.the boundarles of theﬁ”“

.-.

x.muscle un1t Later Tomanek (1974) obse

:_ed that conlbct1ve§:"

“tissue ""’,c{a;‘s-ﬂhd‘r"_ma-ljly u'\cs:e,ab,tmgd;_'a'dtz;t__h'a'.n"_am,g; ‘fast, 'musé-l’es;ﬂlianfd' j:‘.;-

}hat; 1t 1ncreases s1gn1f1cantly more 1n soleus than other;

}‘ﬁcmuscles after denervatlon. TheSe 2 separate observat1on are;f'g

' T
favour m”f the 1dea of connectlve t1ssue actlng as -

7?:1ntramuscu1ar barrlers"‘ffor' axonal "sprout1ng ' Thesth'f

.Hff"barr1ers cou&d mechanlcallyalnterfer w1th the passage-'ffjiff

2ff;sprouts through .»forf decreas1ng the. dlffu51on-?'of,laf7'

e 3?soluhﬁe sprodtlng stlmulus fbh?'_:'feﬁ_fv“

‘ﬂ;ff4r4 2. 2 Axonal Regenerat1on.- Re1nnervat¥on Of SOJeus‘__

r

'f”muscle by regenerat1ng axons was very 11m1ted After long i,‘

'f}:surv1val tlmes (>5 months)*- only 1 of the 3 soleus muscles»

,'hg .

- studled 1ndependently was rexnnervated by regeneratlnghng

'axons, thea stlmulatlon of Whlch produced <1% of the totalff

ffmuscle force. If ex&ent of denervat1onkoffers an: enhanc1ngrr7'

'nffst1mulus :f£§“ the '1nherent capac1ty f:ucutapaxons ;7tozt

'*f:regenerate, soleus must offer less of shch stlmulus than LGii:

f_fﬂand MG muscles.4 The anatomlcal relat1onsh1ps of these'*Zf'”

}ijusclesy could have also contrlbuted to the poor axgﬁalj?“‘

5.regenerat1on to soleus muscle. The few axons» regeneratlng=

'”*through LGS nerve f1rst have the' opportunlty to makef“:

'T'contact 'w1th denervated LG muscle,;:as they run;across ith o

O

before reachlng the soleus mUscle.,,nf Q;" #“'v‘r

fffour;'results suggest that relnnervatlon of LG muscle _off'5

<fjh«the cat by collateral sprout1ng and axonal regeneratlon‘ ;sj‘}t



R

proportlonally 7‘ ' the extent of muscle denervat1on}*

'“..

-

] .'...

sec 1on
L

process,z dependlng

‘u«éﬁhj:effectlv.: procé%sn -tha*“ ﬁbsxdual ;&UFSV» enlarge"

) anlmal age, dlstance between ’axonfi

:f_ed muscle5. “and .extent',oprmdgclefun'

denervat1on.f}_‘ "”(Etion_of sole wes not as complete as“

‘_“ o '
LG 'muscle.y

fv regenerat1on _was\ eff1c1ent és 1n LG More emphas1s=j
: should be glven to th muscle when study}ng 11m1tat1ons ofgﬁ

5.T3 MU s to enlarge.-‘” ‘?}'wqu

A -’l'

elther collateral 'sproutxng n°feJEXOna1f“S



\ | *:,‘c"u;;.';s.__érzn'? Fl VE v ,Glngan'ﬁ Dl S't'll.'slsvi,ow< AN k’t;owcr.us _IONS

Lo . [

Ln 1885 Exner obsexved that part1ally denervated muscles
a0

recovered the1r or1q1na1 51ze,‘ he proposedrthag re51dua1

motor' axons were responslble for re1nnerva¢1ng denervated

-

muscfe f1bens.‘ HlS observat1on was latir co'f1rmed by vanl

2 \"

UHarreweld (1945) and Welss and Edds (1946) ;‘Cut axons ‘aon :
the otheQ;hand .regenerate (Ramon y Cajal 1928) and mayfﬁ;i

‘*-.re1nnervate muscle f1bers const1tut1ng "complementary
B "7. N - " -

,response to part1al denervatlon.i Thus, when part of *thef*‘w

-

’hﬁnh' atLon to'raf muscle “,Gremoved denerv ted muscle

S

de bgj can be relnnervated“by'sproatlng of re51 ual motor;

f‘,axon 2 (collste’al sproutin ) and by r¢9?“¢;3t¥“9_,?¥°ﬂ$'

"‘Res1dual MU s were 1n1t'

. . . .

3 7< t1mes the1r orlg1nal 51ze (Kugelberg etffaltf 1970’«

< . . : .

'-(axonal regeneratlon) :; .l_l;; ~}'U37wwig3\;

S,

lly found to enlarge by up

@

. / ’ -
m}%‘ Thompson and Jansen 1977-'B!/wn and Ironton, 1978) and a

5 fold 1ncrease has been.aecépted as the upper 11. t to;l

) ﬂ’?:whlch MU 5 ‘can~enlarge._ More rfc ntly (Hatcher g ;l;,
1986) howeverl MU S have’beenlh “nd to enlarge”beyond thlS o

| 11m1t._<Qbr '; sults ién tLGs_atl _musclesi showed that

‘éiwh resxdual Jf have fnﬁd‘:'frlnelc llmfAhtlon od_. the1r

S R ’ \\‘
.capab lnty to enl e and th t they do so proportlonally to (

the extent o{ mu'

Y
le,denervatron: Slow MU s were the £1rst

% :t enlarge
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"réadlness of-slow MU s to enlarge and the 1ncrease in the

capablllty to enlarge of fast MU s w1th 1ncreasxng extentsgx»:

- of denervatlon suggest that ‘MU, act1v1ty may play a- roleﬁwan”f
B determlnlng4lts capab111ty to ;nlarge. Inltxally only slow
frequently ' recru1ted unlts enlarged -fas _eXtents 'ny '

R denervatxon« JncreaSed and fast MU .S werex recru1ted more”‘

often they also enlarged

"‘;yf.j~iResxdual MUJSvhﬁéftﬁhéhjsqiéﬁ.;,Qfﬁ.m e not’ very' :
| é effectlve 'atfhinoreaslngfthelt;;fze.and..often fa1led _,l
'adedﬁately compensate for denervat1on. The reason for‘fh1sff:;

g d;fﬁ%rence 1n behav;or between slow MU' - of the LG and MG,i

muscles ‘and the slow MU' s of the soleus muscle may resxde e

in the mu5c1e 1tse1f Elther an 1ncrease 1n 1ntramuscular'

i

'"barr1ers (Kugelberg et al., 1970) or less sproutlng‘y

.-

\r | st1mulu5»fdln;'thed'soleus(.muscle 'wqpld result on less:'m

4 collateral sproutlng

)

-ﬁr.The; actual stlm@lus for collateral sproutlng 'is'fnotﬁfh

known Jhdt the exxstlng,evxdence suggest that denérvated

musclelffzbe:s may play a role 1n 1n1t1at1ng and d1rect1ng”fy‘

nerVe 5prou§s (Van Harreveld 1947-h Lomo et 'J.Y* 1976-.'

@ /\ » .
Brown and Irontdn,f 1981-; Pestronk and Drackman 3982)..\\\
- . : S » S

i Denervated ﬁlbers age supposed to elther start releas1ng a

'?f;sprout e11c1t1ng ) factor .or;'stop releas;ng Ea»l sprout-
1nh1b1tory factor._ ‘OurHJresults- show that ' collateral’

. - * ' PR
\:sproutlng is. more eff&c1ent in, MG and LG muscles,: as SrfC,
‘cf\“ . vl : R

f'these fast‘ muscles contaxning blggerv and normally“ Tess

vactlven muscle fxbers (type II) were more ,suoceSSfUl"at'

BRI



;; alternatlve ;explana on -as to*- why' wi

R .A‘

o

”ffvofters ”éh' extra stlmulus to the 1 trlns’c capablllty of..

. motoneurops to regeneﬁbte thelr axons.

v

' S T W I
attract1mg axonal sprouts.\_If-denervated.muscie,fabers_Jof<

Il

R .. - g ‘» \Q . Y

- .

regenerated MU s tedﬁarge relatlvely -mdfet.“ Collateral

o

_b1P er d1ameter‘ were . more 1nnerv.ble",’than ,those#%o}??
smaller dlameter such ‘a d1fference would also og;ef,gah,;

stprouted and

sprout1ng _would preferentlal}ﬁg 1nnervate blgger _musclen

f1bersdand result in relatively

w - -

':"‘D

for the small MU s.‘_.” -3r73' _ oW

pRegeneratron of the axon is an 1nherent capac1ty of the'

~,

DO |

formed by Schwann cells and surroundlng connectlve tzssue,f{ﬂ“"*

s b

reater 1ncreases 1n, force. -

e .".* : ‘.i__” . N .

7mgtoneurggf' After a few days the proxamal segment of .théy'

. axonS"crosses the 51te of sectlon an ‘enters _aj:cylxnder

thls cyllnder 1s cruc1al to the success of the regeneratlve:

grd@th When ‘axons are cut close to the musclev (Thompson

s . A : -

-and Jansen,' 1977* Brown and Ironton, 1978) they not only“iﬂ

M

relnnervate deﬂervated muscle f15ers but also can d1splach

llateral sprouts from

-

. STt
~

not observed Relnnervatlon' by regeneratlng axons *took;
: . o._.

place iny in severely denervat d mUscles and was not able‘

o, &~
consol1date thelr synapses. Dfne vated muscle probably

PR

P

newly fq\med synapses.» In iouf="

: gifv advantage when competlng for relnnegbated flbers Was-\

»




changes .obsetved

s propefties,. S'eed Cof N

f‘";‘ contéactlon and fat1guab111ty,_ re %dapt1ve responsesv“toiaﬂ

y

the demands 1mposed upon the res:dual and regenerated MU sauf

¢ m—

Relnnervatlon of partlally denervated muscles of the cae

Y -

‘ llateral sproutlng and axonal regenerat;on fisf'aﬁ;:%:

_andx\,oanv successfully 'compensate for‘ most ~extents of;

«deenervatlon.' The_‘part1c1patlon of axonal regenerat1on in‘

¢

muscle re1nneryat1on is” less predlctable because it depends

s

2. . on several factors. leltatlons on moto« a&pns to sprout or
'.‘. £ . .

to regenerate are most lxkely ext 1n51c to. bhe motoneuron.

L4 . - . . \_"‘
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