Bibliothéque nationale
du Canada

National Library
of Canada

i

" Canadian Theses Service

Ottawa, Canada
:K1A ON4

CANADIAN THESES

° NOTICE

The quality of this microfiche is heavily dependent upon the
quality of the original thesis submitted for microfilming. Every
effort has been made to ensure the highest quality of reproduc-
tion possible. ./

. ! -
If pages are missing, contact the university which granted the
degree. ’

Some pages rhay have indistinct print especially if the original
pages were typed with a poor typewriter ribbon or if the unlver-
sity sent us an inferior ghotocopy

v

' 'Prevrously copyrighted materials (journal articles, pubushed
_ tests, etc.) are not fiimed.

Reprodu’btion ih full or in part of this film is governed by the
Canadian Copyright Act, R.S.C. 1970, c. C-30.

¥
i

THIS DISSERTATION |
HAS BEEN MICROFILMED
'EXACTLY AS RECEIVED

NL-339(r86/06)

\

Services des théses canadiennes .

d ~

THESES CANADIENNES

AVIS
La qualité de cette microfiche dépend grandement de la qualité

de la thése soumise au microfilmage Nous avons lout fait pour
assurer une qualité supérieure de reproduction

S'il manque des pages. veuillez communiquer avec 'univer-
sité qui a conféré I€ grade

ta qualité d'impression de certaines pagés peut laisser &
désirer, surtout si les pages originales ont été dactylographiées

. & raide d'un ruban usé ou si Funiversité nous a fait parvemr
" une pholocopie de qualité inférieure

Les documents qui font déja I'objet d'un droit d’auteur (arlicleé
de revue, examens publiés, etc.) ne sont pas microfiimes.

La reproduction, méme partielle, de ce microfilm est soumise
A {a Loi canadienne sur le droit d'auteur, SRC 1970; c. C-30.

LA THESE A ETE
- MICROFILMEE TELLE QUE
NOUS L’AVONS REGUE -

i - Canada



THE UNIVBERSITY OF ALBERTA

RECRbITMENT OF NORMALLY INNERVATED AND REINNERVATED MUSCLES
AND MOTOR UNITS

i)

BY o)

Ry .
\iJ, CHRISTINE KAYE THOMAS
‘ A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES. AND RESEARCH
kY -
IN PARTIAL FULFILMENT OF:THE REQUIREMENTS FOR THE DEGREE
OF Ph.D.

A

DEPARTMENT OF PHYSIOLOGY

EDMONTON, ALBERTA

(SPRING) (1986)



Lok

el
T
B

Permission has been granted .
‘to the National Library of.

Canada to microfilm this
thesis and to lend or sell
copies of the film. '

The author (copyright owner)
has reserved other
publication rights, and
neither the thesis nor
extensive extracts from 1t

‘'may be printed or otherwise’

without his/her
permission.

reproduced
written

L~ ——

L'autorisatiaon a &té& accordée
2 la Bibliothe&que nationale
du Canada de microfilmer
cette the@se et de préter, ou
de vendre des exemplaires du
film.

L'auteur (titulaife du droit
d'auteur) se réserve les
autres droits de publication;

ni la th&se nli de longs
extraits de celle-cil. ne
doivent @tre imprimé&s ou

autrement reprodults sans son
augprisation gcrite.

- ISBN ©-315-36194-5



THE UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR: Christine Kaye Thomas
TITLE OF THESIS: Recruitment of normally innervated and

reinnervated muscles and motor units

DEGREE: Ph.D.

YEAR THIS DEGREE GRANTED: 1986

Permission is hereby granted to THE UNIVERSITY OF ALBERTA
LIBRARY to reproduce single copies of this thesis and to

lend or sell .such copies for private, scholarly or
o :

scientific research purposes only.

The aUthor'reserves other publication rights, arnd neither

) . . . T .
‘the thesis nor extensive extracts from it may be printed or

-
G

otherwise reproduced without the author's written

......C@mmz..........*

permission.
(Student s signature)

, L AL Gerald mect, | Liersin
| (Student's permanent address)

i (/ff\ff/./w?} M....m.‘%{-

Pate: Mar ch 2}51/ Kjgéf%

-



T

' FACULTY OF GRADUATE STUDIES AND RESEARCH ’

THE UNIVERSITY OF ALBERTA ~

" The undersigned certify that they have read )and f”
; ‘
recommend to the Faculty of Graduate Studies and Research

for acceptance, a thesis entitled: ‘ ' . -

Recruitment of normally innervated and reinnervated muscles

o . .

and motor units

*
submitted by: . Christine Kaye Thomas .
in partial fulfilment of the reqguirements for the degree '
of: Ph.D.
IR Al 2110 S I I I A SR S
v (Supe v1sor) _.'#'“;kd\ ..
% _‘ ‘.c‘§"-m
N - ")
" X DR I RN S A R SN A S S S S N Y
Date: ./4 ..Z.'.(((f?’ | . B



) . ABSTRACT

Spike triggered averaging was wused to study the

recruitment order and twitch tension of motor wunits in

.

normal human muscles during isometnic contractions in

-

different directions, d&ring functional jé?ht movements and
* t

in reinnervated- human hand muscles after complete section

and” resutute of the ulnar and median nerves.
. { - v I':

ﬁfﬁear cor;eiations were found between twitch tension and
threshéld fofte. of first dorsal intgrossedhé or abduétof
pollicis brevisumotor units for each contraction direction.
Rank order of mqtof unit recruitmeﬁt durihg different
directions of contraction was correlated but not /identical.
Therefore, an orderly pattern éf recruitmentyac;oxding to
.-.increasing twitch size adeqguately described the fuﬁétion-of
. 'L;hese muséléé for all directions of contraction. Recruithehf’
-w%;der was» largely preserved in these muscles - during

'functional joint movements involsing the repetitive opening

/
and closing of scissors. The recruitment reversals observed
were uéually;between pairs of units with similar thresholds.

Human hand muscles were shown to be reinnervated both
apprp:iately by some of their original motor axons

(activated ohly by voluntary éontractidi of thei mﬁsci;f-inv

which}théy_wéﬁe recorded) and inappropriatelyxby mot;r axohg
;that‘.hgd'p:éviéusly innervatédgoﬁher.muscles with different
‘,functidnsA (activated by_voluniary contraction of"muscles

innervated by the same‘nérve). Following ulnar or above-

. ot .

[ , iv /7 °
7 . . . . - . v‘« v



 extensér . and sometlmes in the flexor phase jof ZJlocomotion
o N |

] . . . L

elbow median. nerve sections, ' there was no correlation

Petween motor unit size (twipch“amplitude) and recruitment

threshold« This . absence . of ~orderly recruitment was
attributed to .misdirection of motor  axons during

regeneration. Follewing median nerve section at wrist level,

where the reinnervated muscles have more synergistic’

TN,

actions, orderly recruitment appeared to be re-established.

. Thus, théqsize principle of motor unit recruitment could be

re-established after nerve section in humans, if motor axons

innervate their driginal muscles or ones with ‘closely

’/ N - ) &
synerglst1c functlons :
3

In young cats, motor axons were misdirected.tof muscles

with antagonlstlc functions by cross-union of ‘the common

peroneal and tibial nerves in one hindlimb. These nerves

normally innervate - all distal flexor and extehsofi muscles

respectively. Durzng locomotlon the cross rexnnervated

flexor muscles only fired durlng extens1on of the 11mb The *

4

Cross- rexnnervated extensor muscles' were actxve;‘im the

3 3,

when  the derve cross wasy less “than complete. The

. .
: . )

‘iqappropriate ,t1m1ng of mu5cle act1v1ty during 16¢bmotibh_

: demonstrated' that “the muscles were pr1mar11y activated -

according  to the innervating nerves.; In acute experimerts

18-24 months after ‘the initial surgery,” the succesSKOf the'. v

nerve .Crosses  was detérmzned by measurlng the compound

actfon potentials genérated at the lumbar 6, lumbar 7 - and

- .

sacral 1 spinal roots.in response toithe stimulation of"the'”'

-

e . .
B |

25



control and crossed _medial gastrocnemius, lateral

gastrocnemius-soleus and common peroneal nerves. Dissection

and stimulation of ventral root.filaments innervating the:

cross-reinnervated extensor muscles showed that muscle unit

force and contractile speed were directly correlated with

the size of the innervating nerve. These results indicate

that. ~ peripheral reorganization of nerve and musc le
properties according to size occurred, even when motoneurons
were misdirected to antagonistic' muscles .and “produced

inappropriate movement patterns.

vi C T
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" CHAPTER 1

INTRODUCTION
" The prOgressive recruitment of motoneurons and the
»; modulation of their firing rates are two proeesses:winyolved
g ¢ - .
. in the gradation of -myscle force (Adrian and Bronk, 1929;

‘¥

&

‘ A .
Creed,i Denny-Brown, Eecles} Liddell and Sherrington, }932;
Denny;Bfoym; 1929). in 1955: 1t. was proposed tﬁat: éhe
fecruitmen;?_?f motfneugons occurredxiq_oraer bf increasing
cell size (Hennemanl_ Somjeﬁ and Cerbenter, '4965a) . Since

. then, £he appllcabllzty of this size ﬁrinciple-‘has been

,

examined in various muscles species and during different

,recruitment conditions, both before and after nerve injury.

Some evidence has been pfovided for the hiophysical basis
L : ] _ Q R

of orderly motoneuron recruitment and for the organization

of the afferent input to the motoneuron pool. Other studieg
b . 2.

;have exémined how the exc?tability of the® motoneurons -

relates to the force output of the’innervated mPScle'fibers.‘
s . RPN ‘ @ :

Yet, some aspects. of the size principle are. controversial
- . . s e

. : LR . - PO
and recruitment has been proposed to occur by alterpative.

4 R o e -

' processes. These include3 a) fecruitmeng by motoneuron type,

4

but randomly w1th1n a type (Fleéhman, ‘Mense;,- Sypert ;na
Fr1edman, 1981) b) recru1tment ;n a force. dependent way by a
systematic gradation of 1ntr1n§1c motoneuron' properties’
which are 1ndependent of cell size (Gustafsson and P1nter,‘

1985) .



-

)

These are: o : vy

In, this thesis, questions relating to some of the
e o

apparent exceptions to the orderly recruitment of normally

innervated and reinnervated motor units (a motoneuron and
all the muscle fibers it innervates; Lidde}l and
Sherrington, 1925) are examined. As an introduction to this,

several areas of related literature are reviewed briefly.
. . (a

s -

a) the size principle proposed to explain -motoneuron

excitability. . b

b) the evidence for o?derly‘recfuitment by graded intrinsic
. « .
motoneuron *properties and for recryitment By motok'unip'type

% . ¥

~but randomly Qith;n a type.

. -
Y

¢) the ¢organization of afferent input to the motoneuron
. * ‘ . . ¢ . . . e
pool and how “it relates to motoneuron excitability.
. \ b‘:‘;# - . a
d) the recruitment ‘order of motor units in human muscles.

* g ! : ®

. g Fie | 2

1.1 The sng“pfinciple‘

The size principle was proposed to explain the inverse

relationshig‘betweed‘alpha motoneuron size and. excitability

“in cat hindlimb muscles (Henneman et al., 1965a). It implied

that the recruitment of smaller motoneurons was followed by

>
o ~
-

‘the progressive recruitment of larger motoneurons.. ' This
v A

orderly recruitment in flexor and extensor motoneurons

occurred irrespective of Qhether the excitatory stimuli

arose physioloéically or electrically, via one or several

synapses, or from ipsilateral,’ contralateral {(Henneman,

1857; Henneman,~Somjen'and Carpenter, 1965b), or shpraspinal
‘




sources (Somjen, Carpenter and Henneman, 1965). 1In these
papers, action potentilals were Eecorded extracellularly;irom
A
small groups of cut ventral root filaments. The amplitudes
of the action potentials were.proportional to the reflex
threshold of the units. However, th%y were also assumed to
be proportional to axon conduction vefqbity or diameter
(Gasser, 1941) and a direct index of cell size. With cut
ventral roots, the parent musgles of the responsive motor
axons could ngot be determined ’directly. Pfesumably then,
orderly motoneuron recruitment was demonstrated amongst
those fibers’ of the qombined tricebs surae motor pools
belonging to one ventral root. Therefore, it was unclear as
%o whether , this orderly Jecruitment appiied to the
mbtoneurons éf '@ single motor pool (the motoneurons
innervating one muscle; Creed et al., 1932) or several
pools, '

With respéct’ to efferent properties, the slower the
conduction velocity of the motor axons  to the medial
gastrocnemius. (MG) or: soleus mpscles, the smaller the
tension ~developed by the innervated muscle fibers
(McPhedrah, Wuerker and Henneman, 1965; erfkef, McPhedran
and Hgnneman; '1965). In the MG muscle, the relationship
betwgen motor axon conduction velocity and motor unit
tetanic tension ﬁ?s neither linear nor - sihplei
Histochemically, soleus muscles consisted of one fiber type

while MG muscles consisted of three fiber types. The

functional properties of the motor units were proposed to

ke



depend on motoneuron size. This then determined the
excitability and wusage of these motor units and 1In turn,
specified the fiber type rejquired (Henneman and Olson,

’

1965) . From the percentage, mean diametef and cross-
sectioﬁal area of the differeng m;scle fiber types measured,
it was’suggested that nerve fiber diameter was related to
the number of innervated muscle fibers, but- innervation
ratios we;e not determined. Therefore, the relationship
between motor axon silze and motor unit size was also
unclear.

In relation to afferent input, it was suggested
tentatively, that alpha motoneurons may receive input which
was'equal in density but unequal in effect. Stimulation of
group la afferent fibers evoked the 1argest aggregate
exciltatory , postsynaptic potentials (EPSPs) 1n cat
motoneurons that had the slowest conducting "motor axons
(Eccles, Eccles and Lundberg, 1957). Assuming that these
differences inversely reflected cell size, Henneman -and
colleagues proposed that the variations in excitability of

different sized cells resulted fcom differences‘ in cell

input resistances. t“xﬁvﬁi“
In summary, orderly motoneﬁron irectuitment “had been,

. -
demonstrated and differeqces in 1input resistances yefe
proposed to explain the relationship between cell‘sizé ‘and
excitability./ There was a non-linear relationship between

¢
motoneuron excitability and the force output of the muscle

BN



e .
unit., How the afferent input to the motoneuron pool was

—

organized to allow orderly motoneuron recruitment needed to

be examined as did the application of this principle to

other species and recruitment conditions. >
\ {

1.2 Recruitment by increasing motoheuron size

Intracellular injectiéﬁ of tracer substances like
horseradish peroxidase or procion yellow has allowed
detailed visualization of the dendritic aﬁdA. axonal
morphology. Motoneuron size has been described in terms of
mean soma diameter, soma surface area, the surface area of

-?

the soma and dendritic membrane and the combined dendritic
trunk parameter (Burke, Dum, Flesﬁggn,{ Glenn, Lev—Tovi
O'Donovan aﬁd Pinter, 1982; QUllheim, 1978; Kernell, 1966;
Ulfhake and Kellerth, 1982, 1983; Zwaagstra and Kernell,
1981). These anatomical measures of cell sizeA have ofteﬁ
been correlated with physiological indices of cell size such
as axon conduction velocity and motoneuron input resistance
‘in both invertebrates and vertebrates. For example, in the
swirnmeret system in the lobster, soma diamater and
conduction velocity were positively correlated (Davis,
1971). In alpha mo;oheurons innervating the cat hindlimb
muscles, motor axon conduction velocity covéried with mean

soma diameter and the diameter of—the motor axon in the
white matter or the initiai segment (Cullheim, 13978). The

soma surface area and the cross-sectional area of all of the

dendritic stems were approximately proportional (Kernell,



a

1966; Ulfhake and Kellerth, i983). These celils with small
somas had on average, fewer and thinner stem dendrites,
thinner and slower conducting axons, greater 1nput
resiséances‘ and longer after-hyperpolarization {AHP)
,
durations than large cells. Cells with higher 1nput
resistances wsere prqposéd to be more excitable because they
generated larger amplitude“EPSPs for a given aﬁount of

synaptic current (Barrett and Crill, 1974; Kernell, 1966).

[

Thus, conduction velocity was directly related to axon
diameter and motoneuron size as proposed originally
(Henneman et al.,  1965a). Later, the critical firing level

(CFL; ‘of a motoneurop was defined quantitatively for the
plantaris motor pool of the cat. Affer a conditioning
tetanus, the planta}is muscle nerve was stimulated. The
maximum monosynaptic reflex response on the proximal end of
‘the cut ventral root was éompared to the antidromic response
on the distal end of the cut ventral root. The CFL (the % of
the maximum output of the pool at which a s{ngle,;;gﬁtral
root filament ceésed‘to fire) wés directly related to ;the
extracellularly recorded nerve action potential,'/éotorraxon
diameter or conduction veloéity and so cell size;_ﬁotoneuron
recruitment ;;s strictly ordered by size in unit pairs  ;ith
.criticai firing hlevel~differenceé that were g{eatqr"thaﬁ
2.5%. If the pair had closer .critical fit&ﬁg 1ebgls,
recruitment wa; on average, 86% ordered. Ge&étgily then, ;
motoneuron responéed only if all the lower rankid§\¢ellg ih

i . r = .
the - pool discharged with it. Therefore, motoneuros

L3



%
»

ﬁecrultment was shown to be ordered by 1ncrea51ng céul size
I"' a
hxﬂ a single motor pool {(Clamann,- Gillies, Skinner agd

5 _
Henneman, 1974; Clamann and Henneman, 1976; Henneman,
6 7 -

Clamann, -ﬁillies and Skinner, 1974). This rank order of

motoneuron* recruitment was unaltered by inhibitory inputs
Ty

"that were predominantly from postsynaptic, mixed, .recurrént,
v : -

£

. . _ ‘ .
‘presynaptic, non-muscular :or supraspinal sources-(Clamdnn,

R <
Gillies -and Henneman, 1974).

. * . . . @ ot
. . . 3 .
Similarly, -a. correlation was found between motoneuron

size and the’ Qraer; of recruitment. in the sgleus, , MG,

’

tibialis anterior (TA) and plantaris muscles of the cat.

'

Mdtoneuron size was judged by the ¢onduction velocity of the
J et
motor axon (Bawa, Binder, Ruenzel and Henneman, 1984 ;

Clamann, Nga1 Kukulka and Goldberg, 1983) A few

recrultment reversals (3%) were observed ‘.fﬁg and soleus

unit palrs that had 51m11ar thresholds. 5" .

However, °was the size of motoneurons related directly to

‘their input resistance? Stein and Bertoldi (1981) pointed

~_out’ that if input resistance was linearly related to ' other

measures of motoérfeuron size such as conduction velocity,

P

then 'all motoneurons would have'thé same membrane properties

v

and shape. .Re-evaluation of the relationship between input

resistance and conduction velocity, suggested that larger’

t

':motoneurons were no ]USt larger samples of .small cells

becaﬁse the 11ne giving the best fit to the data vas steeper

@.thén ,Aegpected. .-Experlmental_ confirmation - of these

Ean . - . - ' ‘



suggestions {(Kernell and Zwaa§stra, 1981), indicated that
the 1nput conductance (inverse of input resistance) of
motpﬁeprons with large diameter axons was unexpectedly high.
Their cell bodi?s were not lérger than normal. Thus, the
lower zhan average specific membrane resistance ‘in larger
cells, also appeared to be 1mportant in making these cells
léss excitable. As differences in motoneuron size were not

directly reflected by differences in motoneuron input
. 4

resistance, both size and input resistivity (an intrinsic

membrane property) could be important in relative motoneuron

excitability.

1.3 Motoneuron recruitment by a systematic gradation of
intrinsic membrane pfopérties

Récently, compar;sons haveu been made between the
variations in motoneuron size, intri;;ic membrane propertie§
and the excitability of lumbar alpha motoneurons of the cat
(Gustafsson and Pinter, » 1984a, 1984b, 1985). There were
strong positi;e qérrelations between intrinsic membrane
prdperties 'such ~as the . input resistance, membrane time
constant (a measure of specific membrane resiét;vity) and
AHP duration. CalEulation; of total cell capacitancé_agreéd
well with former anatomical measurements of cell surface
area or size (Ulfhake and‘Kellerﬁh, 1982). However, for a
given cell surface area, ;he entire range of : values fo;

input resistance, time constant or AHP duration could be

represented. An alternative measure of cell size, axon



conduction velocity, was also correlated weakly to the
measured meﬁbrane properties. Therefore, the variation 1in
intrinsic membrane préperties appeared to be relatively
independent of motoneuron cell size (Gustafsson and Pinter,
1984a).

Other ogservations indicated that differences in
.intrinsic membrane properties may influence the threshold
for spike initiation and SO motoneuron discharge.
Motoneuronsi with fast conducting axons accommodated during
ramp current stimulation by inéreasing their recruitment
threshold (Burke and Nelson, 1971). 1In the cat MG muscle,
differences ;ﬁ motoneuron excitability <(as measured by
motoneuron rheobase) were independent of cell size (or axon
conduction velocity) (Fleshman, et al., 1981).

To assess whether motoneuron size or intrinsic membrane
properties were better matched to motoneuron excitability,
Gustafsson and Pinter (1954b, '1985) measured the range of
motoneuron rheobases, input resistances*and sizes. fhe range
"of rheobase values exceeded that of the input resistances
but was even wider than the range of the cell capacitances
(sizes). When rheobase values we;é nérmalized to  be
independent of cell size (rheobase current / total cell
capacitance), the range of excitabilities was reéuced.
However, the distribution was skewed towérds high values and
Qery similar to the distribution typically recorded for
motor unit tetanic tensions. In addition, the relationships
between motoneuron membrane properties were very similar to

» : L]



the relationships between motor unit properties. Plots of
normalized rheobase versus AHP duration and tetanic tension
versus contraction time' followed very similar distributions.
These results provided strong but indirect evidence that
differences in 1intrinsic membrane properties complete the
functional iink between motoneuron excitability and ;otor
unit tension development. Thus, these authors suggested an
alternative to the orderly recruitment of motoneurons by
increasing cell size. That 1is, the higher specific
resistivity and different geometrical ;;ructﬁré of more
excitable cells primarily determined their input resistance
and hence responsiveness to Syﬁaptic current. They proposed
that a systematic gradation of intrinsic motoneuron
properties which was independent of cell size, could allow
recruitment 1in . a force-dependeht way und~r conditions -of

constant synaptic density or efficacy (Gustafsson and

Pinter, 1985).

1.4 Motoneuron or motor unit types

Motor units of.animal muscles are often classified ~into
physiological types according to their force output in
response' to repetitive stimulétion of the motoneuron or
motor éxon.' Motor hnits.are designated és slow (S) or fagt
(F) using criteria such as cohtrgction time, "sag" in
tension during unfused tetani or a cumulative force index.
Fast units are further subdivided 1into fast,( fatigue

resistant (FR); fast, intermediate fatiguable units (FI) and
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fast, fatiguable (FF) by their fatigue characteristics.
(Burke, 1967; Burke, Levine, Tsairis éand Zajac, 1973;
Kernell, Eerbeck and Verhey, 1983). The same physiological
classification of mctor units can be determined from the
motoneuron to 1input resistaﬁce ratio. The accuracy of the
prediction 1is increased further when AHP half decay time is
used to separate fast and slow units (Zengel, Reid, Sypert

T

and Munson, 1985). Typically, force output is ordered such

that S < FR < FF units although overlap between values of
different types usually occurs. - Therefore,»within a musclé,
there is a range of force produced by different motor units.

The distribution for the force output of units is usually

skewed towards high forces (Stuart and Enoka, 1984).

1.5 Force output of different unit types.

Motor unit forée output depends on three factors. These .
include the innervation ratio (IR, the number of muscle
fibers per‘unit), the average cross-sectional area of the
constituent muséle fibers and their specific tension (Burke,
Lévine; Salcman— and Tsairis, 1974). Combinations of:
physiological and histochemﬁéalvtechniques have been used to
determine how each of tﬁese factors contributes to the force
output. Repetitive and relativély long term stimulation of a
single motoneuron or motor axon can pfesumablyvdeplete 'ils
muscle fibers of glycogen (Burke et a;;, 1973; Edstr;m and
Kugelberg, .1968; Kugelberg and Edstr;m, 1968). The muscle

fibers belonging to a ‘motor wunit :can be stained
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histochemically for relative activities of mitochondrial
oxidative enzymes and enzymes related to ana:robic
glycolysis (Peter, Barnard, Edgerton, Gillespie and Stempel,
1972) and/or for myofibrillar ATPase reactivity patterns
(Bfooke and Kaiser, 1970) .

The resulting two classification systems are almost
interchangeable. Therefore, slow twitch, oxidative (SO) or
type 1 fibers depend almost exclusively on aerobic
metabolism. Fast twitch, oxidativé and glycolytic (FOG) or
type IIA fibers show capacity for both baerobic, and
glycolytic metabolism while fast twitch, g%ycolytic (FG) or
type IIB fibers primarily exhibit anaerobic metabolism. A
fourth type, IIAB, show properties intermediate between
.types IIA and 1IB. These fibers are thought to contribute to
S, FR, FI and Fé motor unit.types {Burke et ai., 1973F. From
serial sections, the myscle fibers of the unit are
rec&hstructea in 3-dimensional - form and IRs determined.
However, failure of serial sections to oyerlap can make it
difficu}t .to identify all the muscle fibers belonging to a
unit, especially in muscles with complex internal
architecture (Burke, 1981).

IRs are usualiy studied 1in cat hindlimb<2;ﬁ$cles in
relation to motor unit type. Dischssion will be re;;r;cted
to these even though IRs arebalso.species dependent. In MG,

tibialis poéterior (TP) and flexor digitorum longus (FDL),

there is a tendency for S and FR units to have similar IRs.
K
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These are lower than FF IRs (Burke,‘1981; Burke and Tsairis,
*1973; McDonagh,’Binder, Reinking and Stuart, 1980a). In TA,
‘the IR of S units is somewhat lower than that of FR and FF
Qnits (Bodine, Roy, Eldréd and Edgerton, 1985). As unit
tensions increase such that S < FR < FF units, there 1s some
discrepancy as to whether IRs follow a similar trend.
However, it is clear that motor units with larger, faster
conducting axons (FR, FF units) do not necessarily innervate
ﬁore muscle fibers than those with smaller .slower conducting
axons (S units), as originally propOSed‘(Henneman and Olson,
1965) . :

'The' mean cross-sectional area of muscle fibers typically
increases in order of fype 1, 1IIA, IJB although 6v§rlap can
occur. The greatest differences are usually between IIA and
11B fibers (McDonagh, Binder, Reinking and Stuart, 1980b).
Equating hiétochemical and physioldgical measures, the
increases in cat muscle fiber size and unit tetanic tension
are in the same direction. However, these interpretations
are _complicated by differenceg in vIﬁs and by possible
changes in fiber area énd.oxidative.enzyme contents with use
(Stuart and Enoka, 1984).' |

" 9The' specific tension of a muscle fiber can be calculated
by dividing tﬁe unit force output'by the total muscle fiber

. ’ \ .
cross~sgctional’area. In the cat MG, FDL, TP and TA muscles,
the specific tension of S units tends to be lbwer than thét
of FR or FF units (Bodine et ai., 19%5; Burke, 1981; Burke

-and Tsairis, 1973; McDonagh et al., 1980a).
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Therefore, providing that the low specific tensions of S
units 1s correct, the small force output of these units may
result more from the low specific tension than from their
smgller IRs or fiber areas. In comparison, differences in
fiber size or IRs may explain the different tension outputs
of FF and FR units. In the cat TA muscle, fiber size

differences were favored. ‘ j

1.6 The relationship between unit type and motoneuron size

In type identified cat MG motoneurons, the mean diameter
s
of the soma, motor axon or stem dendrites progressively

increased in the order S < FR < FF units (Burke et al.,
1982; Ulfhake and Kellerth, 1é82). However, the range of
each measured parameter overlapped between different wunit
types so cell body.-size was not related strictly to motor
unit type.

Physiological measures of motoneuron size yield sihilaf
results. In the motor unit populations of the cat flexor
carpi radialis muscle or various 'hindlimb muscles, the mean
motor axon.conduction velocity (motoneuron size) of S units
was significantly slower than that of all fast unit types.
Significant increases in the mean tetanic tension occurred
in thé order S < FR < FF. 'In the whole muscle populations,
there were relatively weak positive correlations between
"motor axon conduction velocity and unit tetanic tension
(Botterman, Iwamoto and Gonyea, 1985; reviewed in Stuért and

Enoka, 1984). This ‘could result from the fact that motor
» . '
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axons have a much narrower range of conduction velocities
than unit tetanic tensions. It 1mplies that axon conduction
velocity (motoneuron size) 1s a poor indicator of muscle
unit tetanic tension (mpséle unit size). The relationship
between axon conduction velocity and unit tetanic tension
was generally not significant within motor unit types. This
emphasized again some dissociation between motoneuron size

and motor unit type.

1.7 Recruitment by motor unit type

One 1index of motoneuron excitability 1s the amplitude of
the TIa EPSP evoked in a motoneuron - in response to 1its
stimulation. EPSP amplitude will depend on the number and
location ?f the synaptic terminals on the motoneuron and its
intrinsic membfane proberties (Stuart and Enoka, 1984). In
cat motoneurons innervating different hindlimb muscles, 1Ia
EPSP amplitude was ordered such that S > FR > FF units. The
reverse trend, S < FR < FF, was founa for unit tetanic
tension. For the whole population of motor wunits in a
u'muscle, Ia EPSP amplitude was inversely related  to unit
tetanic tension. This suggested that- some factor closely"
related“to contractioa strength stgéngly:influenced Ia EPSP
émplitude and excitability‘(ﬁﬁrke,' Rymer and Walsh, 1976;
Dum and Kennedy,e1980b; Fleshman, Munson and Sypert, 1981; .
Harrison and Taylor, 1981).- Was it.cell_size? In these
studies, motor axon conduction velocity (éell‘size) of S and

FR units was well correlated to EPSP amplitude. FF units had



unduly small amplitude la EPSPs in comparison to their

&

conduction veloc?ties suggesting a difference 1in t he
presynaptic orga;ization to these wunits. However, after
removing the effects of an intrinsic membrane property,
input resisténce, the differeqces in la EPSP amplitude§ of.
Cunit types remained. As lIa EPSP amplitude was negatively
correlated to unit tension for the whole population, Ia
synaptic organization and motoneurén excitability appeared
more closely related to motor unit tetanic tension than to
motoneuron size. These results prompted the proposal of
recruitment by motor unit type. As la ZPSP amplitude and
unit tetanic tension was not correlated within unit types,
recruitment was proposed to be random within a type
(Fleshman et al., 1981).

In 1985, recruitment in the cat plantaris muscle was.
shown to be ordered strictly by increasing contraction
strength (unit tetani; tension). As tetanic tension was
cdrrelated:to unit type, recruitment was expected to occur
by motor unit type as well (zajac and Faden, 1985). .These
data argued strongly against the propo§a1 of regruitment by
type but random recruitment within a type. In this study,
recruitment by increaéing axonal conducﬁion velocity’_held”
for . 'S,S or S,F pairs of motor axons but was random for F,?
pairs. because all fast wunits had similar conduction
velocities, As size and type were correlated for the most

part, recruitment by either regime could not oocur



> independently. However, even if recruitment by motoneuron
size does not occur at higher force levels, as 1s suggested
by these studies, it is important to remember that

considering recruitment alone tends to oversimplify the

‘;ontrol of muscle fbrce generation., The activation history
of the motoneuron and rate coding, especially at higher
force levels, also have important influences on the force
generated within a muscle. (Burke, Rudomin and Zajac, 1976;

Kernell et al., 1983).

Y

1.8 The organization of the afferent input to fhe motoneuron
pool

Studies rélating the dfstribution of the afferent input
to the motoneuron pool'have concentrated on group Ia or II
afferents to alpha motoneurons because the connections are
monosynaptic and clearly defined.

At the light microscopic level, functionally identified
group Ia afferent contacts to triceps surae motoneurons in
the cat have been observed purely next to the soma, pﬁrely
on the distal dendrites or a combination of the two (Burke,
Walmsley and Hodgson, 1979). A minority (9?) of boutons from
different la afferents contact the soma or proximal
dendrites (Brown and Fyffe, 1981).

More information felatingfthe distribution of group la or
I, afferents to motoneurons has been gathered from
bh&siological studies. By stretching a muscle or stimulating

its nerve, the afferent impulses of single fibers can be
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avefaged in continuity from dorsal ropt filaments, f« . lowed
by the corresponding EPSPs evoked:in identified motoneurons.
These technigues have shown'tha} Ia afferents from the cat
MG muscle send terminals to an average of 93% of the
motoneurons supplying that muscle but to only 65% of the
motoneurons iﬁnervating its synergist, lateral gastrocnemius
(LG) (Mendell and Henneman, 1968, 1971). Connectivity
averaged 96% to S and FR cells and B87% to FF cells (Fleshman
et al., - 19815. A complete projection was predicted énd has
been shown to occur shortly after spinal cord transection
(Nelson, Collatos, Niechaj and Mendell, 1979).

Within the cat MG motor pool, group 11 afferents

{
connected monosynaptically to an ve}%ge of 48% of their

-
homonymous motoneurons. Therefore, \they projected to fewer
homonymous motoneurons than group I :>X§ients (93%; Munson,
Sypert, Zengel, Lofton and Fleshmaﬁ, 1982).

These group”la and Il projections may be better explained
by physical proximity than by species relations. When

..comparing the poténtials evoked by a single group ' Ia or 11
afferent in one or adjacent venfral root(s), the amplitudes
of the postsynaptic response of the population of fibers
(PPSé) were largest when tﬂe entry level of the afferent and
the  recording level coincided. They were even larger if the
coﬁducﬁion velocity of the afferent was large. Similarly,
the size of the afferent fiber may govern in part, the

distribution of active terminals on the motoneuron surface.

The rate of rise of the PPSPs showed weak negative
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correlations with the afferent conduction velocity. This
suggested that the larger the afferent, the closer were its
terminals to the cell body (L&scher, Ruenzel, Fetz and
Henneman, 1979; Lascher, Ruenzel and Henneman, 1980).
Monosynaptic input from single afferents to homonymous
motoneurons was also topographicélly weighted wité?n the
homonymous MG pool of the cat. Larger amplitude EPSPsY{ were
produced in large motoﬁeu;ons (high rheobase) when the
afferent‘ and 1nnervated motor unif were located «close
together in the muscle. Small motoneurons (low rheobase)
reéeived more equal input from Ia afferents located
throughout the whole mﬁscle (Lucas and Binder, 1984).
However on a cell to cell le;el&“ connectivity does not
appear to be determined strictly. Averaéing diffe}ent la
inputs to many motoneurons within a pool showed that the
probability of a functional connection with a homonymous
motoneuron was greater: a) the Afaster the conduction
velocity or size of the afferent and b) the. shorter the
longitudinal distance between the entry point of the Ia
afferent and the location of the motoneuron. Motoneuron size
may also influence the probability of connections from gr&lp
la afferents. When both the Ia afferent and the motoneuron
were large, as determined by the afferent and motor axon
conduction velocities, functioﬁal projection was complete

(Clamann, Henneman, Luscher and Mathis, 1985). Overall, Ia

connectivity to the motoneuron pool appeared to ‘be
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probabilistic despite the ordered owutput of the pool
(Henneman, 1985). Perhaps if all afferent inputs to the pool

were considered, it may follow a more organized pattern.

- -

1.8.1 Inputs organized for crderly motonevuron recruitment
. \,
Activation of la afferents by stimulation of the

respective muscle nerves or by stretch of either the Mg, LG,

soleus, TA or extensor digitorum longus muscles of the cat
evoked composite EPSPs in_,the respective  homonymous
motoneurons. The amplitudes creased with 1nput resistance

or 1n the order S > FR > FF motor units {(Burke et al., 1976;

Dum and Kennedy, 1980b; Fleshman et al., 1981; Harrison and
Taylor, 1981). This pattern is consistent with smaller or ¢ -

cells being more excitable.

The amplitude of disynaptic IPSPs ewoked in MG or TA

~

AN
Jankowska and Ten Bruggenate, 1970; Dum and Kennedy, 1980b).

motoneurons increased in the order S > FR > FF cells (Burke,

If there were the same number of contacts to cells of
different sizes, one would expect this pattern of inhibition
to be consistent with orderly motoneuron recruitment by

size. _ e
s

1.8.2 Inputs projecting equally to all motoneurons o »
Within the MG pool, the amplitudes of the EPSPs evoked by
stimulation of group II afferents were unrelated to afferent

[}

-conduction  velocity, _motoneuron rheobase. or input

resistance, motor unit tetanic - tension or type. The

projection.-was, therefore similar to all cells whereas group
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‘1 afferents excite small or S cells more than {large or fast

(fR, FF) cells. (Munsop,.et al., 1982).

Both the vestibulospinal and ipsilate%gi medial
longitudinal fasciculus tracts descend from the Iipsilateral
ventral quadrant. Stimulation o¢of either tract produced
monosynaptic EPSPs in type identified motoneurons with
%mplitudes that were unrelated to motor unit type (Burke et
af 1976; Dum and Kennedy, 1980b).

The amplitude of monosynaptic EPSPs evoked in cat MG, LG

N / \
and ;soleus motoneurons can also be reducgd via presynaptic

3

inhibition by applying trains of conditioning stimuli to the
posterior biceps femoris and semitendinosus nerves. In all
motor unit types,. there was a similar average percentage

decrease in EPSP amplitude, although absolute decreaseiyyere

largest in S cells and smallest in FF cells (Zengel‘ Reid,

Sypert and Munson, 1983). - | : /

/,

1.8.3 Inputs which are inconsistent with orderly motoneuron

“ recruitment

o

Iwﬁ‘type 1dent1f1ed cat trlceps surae alpha motoreurons,
motor Yaxon d1ameter in the white matter and thé’ number of’

axon collateral . swell1ngs (1nterpreted ‘as. synaptic

term1nals) whlch or1glnated from motor axons, yhcreased in~

‘order’ of soleus S < MG S < FR < FF un1ts (Cullheim and

Kelletth 11978) . Physxolog1cally, antldromlc stlmulatlon of

a héféronymous muscle nerve produced,~ via, Renshaw cells,

recurrent IPSPs (RIPSPs) in MG motoneurons. RIPSP amplifude

>

o
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was greatest in S cells and smallest in FF cells (S > FR
»
'y
> FF) even after removiwg the effects of differen® input
resistances. In view of the anatomical data, FF motoneurons

were proposed to provide more excitation to the Renshaw pool

Al

yet receive the smallest effects (Friedman, Sypert, Munson
and Fleshman, 1981). .
“Activation of cutaneous ‘afferents in the sural and
saphenous nerves by skin pinch or’ electrical stimulation
were shown to evoke polyéynaptic PSPs in MG or TA
motoneurons. These' potentials were composed o; mixed
excitatory and inhibitqry combonents. The effects were
primarily excitatory to fast twitch motor units and
inhibitory tovslow twitch motor units suggesting that the
synaptic organization was qualitatively different - to
different md:or'unit typés (Burke, 1967; Dum and Kennedy,
1980b; Kanda, Burke and Walmsley, 1977). Similarly,
repetitive stimulation of the red nucleus caused
predominanfly IPSPs in slow twitch motor units and mixed or
EPSPs in fast twitch motor units (Burke, 1967, 1970; Pinter,
Burke, O'Donovan ahd Dum, 1985; Illerﬁ, Lundberg and Tanaka,
1976) . Experiments involving these inputs have been proposed
to show the potential for altered motonéuron recruitment,
However, recruitment of motor axons was primarily ordered in
the first deep lumbrical muscle of the cat's foot with

either mechanical stimulation produced by pinching the

‘plantar cushion of the foot or electrical stimulation of the
B

-

L 3
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motor cortex. A minority of exceptions were common in pairs
of units, although these reversals varied in an

unpredictable way from time to time in the same cat and from

cat to cadt (Kernell and Sjoholm, 1975). Similar observations
were observed in other cat muscles (Wyman, Waldron and
Wachtel, 1974). In addition, the firing order of motoneurons

depends on the balance of all the synaptic 1input to the

motoneuron. Even though fractionation of inputs can change
the «critical firing level of a motoneuron (Clamann et al.,

1983) 1t 1s unlikely to occur naturally.

Similarly, stimulation of extensor muscle nerves such as

the quadriceps, flexor h§11icus longus or FDL at group I

"afferen. strength evoked PSPs in MG motoneurons. These

potentials were mediated via bligosynaptic group Ib 1inputs

and produced e pattern of PSPs similar to those evoked by

sural nerve stimulation. That is, mainly inhibitory effects

in S motoneurons and excitatory effects in F motoneurons

(Powers and Binder, 1985a, 1985b).

1.9 Transmis;ion failure and §6sttetanic effects

From the functiqnal connectivity of group Ia 'and 11
afferents to homonymous motoneurons, a hypothesis relating
to transmission failure and its relief at branch points has
been proposed foirelaté the orgaﬁizatipn of the afferent
input to moténeuron “excitability (LGScher; Ruenzel and

L

Henneman, 1979). Larger diameter la afferents produced EPSPs

with a wide range of amplitudes. Smaller 1Ia afferents
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produced small amplitude EPSPs. These data suggested. that
only large diameter afferents had enough synapses on a
motoneuron to produce a large EPSP (Henneman, LSscher and
Mathis, 1984: Clamann et al., 1985). In comparison, others
have founa la EPSP amplitude to be unrelated to afferent
conduction velocity or size (Lucas, Cope and Binder, 1984).
In the study showing correlations, the large amplitude EPSPs
were evoked in the smaller motoneurons. It was proposed that
the “invasion of Ia terminals was a graded brocess that = was
normally more complete in small cells because of their fewer
branch pointgt This produced larger EPSPs in these small
cells making them more excitable.

Active and inéctive synapses to motoneurons probably
exist. Stretch acﬁivated Ia afferents evoked different
shaped EPSPs in hoqonymous motoneurons when the membrane
potential wasychanged f;om one level to another (Henneman et
al., 1984). After tetanizing the MG:muscle nerve in cats,
the greatest pétentiafion of the averaged monosynaptic
composite EPSPs occurred in the largegt motoneurons. During
tetanization, more synapses fo large than small cells were
assumed to be available forvactivation. This resulted in
more post-tétaniq_ potenfiation (PTP) in large cells. The
differential diétributionnyf PTP to different mdtbneurons
has been found by others (Léy—Tov, Pinter and Burké, 1983) .
and was proposed to resﬁlt f:;m a net increase in

{ ' .
neurotransmitter release from a set of fully activated 1Ia

terminals on a given motoneuron. However, these authors
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point out that it is impossible to distinguish increased
transmitter release from failure of action potentials to
reach terminals whén recording only from the postsynaptic
cell. Depression or enhancement of 1Ia EPSP amplitude
depended also on the frequency, duration or activation

history of the conditioning tetanus.

1.10 Summary

The motoneurons within a motor pool vary in terms of
their excitability, size, intrinsic motoneuron properties,
motor unit type, force output and synaptic 1nput. Motoneuron
size as measured anatomically or by axon conduction velocity
or cell capacitance is correlated to some extent, with all
these oﬁher properties. Cell body size is smallest for S
units and largest for FF units but overlap occurs between
the three unit types. Therefore, there is some dissociation
in the relationsh%p between cell body size and motor unit
type. The input resistance of 1large motoneurons 1s
unexpectedly low and deviatés from the linear relationship
found between 1input resistance and cell size for' smaller
moton;uroné. The force 6utput of S and‘FR units 1is well
matched to motoneuron size but that of FF units is larger
thaﬁ‘ expected from thé conduction vélocity of these units.
Similariy, the amplitude of the Ia EPSP evoked in S and FR
motohegrons correlates well with axon conduction velocity.
- FF units have unduly small amplitude Ia EPSPs in comparison

to their conduction velocities. This suggests a differencé

,-6
t O
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in the presynaptic organization to these units or 1n the
intrinsic membrane propertles of the motoneurons.

Afferent 1input systems to the motoneuron pool are either
graded to match the excitability of the motoneurons, project
equally to all motoneurons or primarily excite fast. (FR, FF)
motoneurons and inhibit S motoneurons. That motoneuron
recruitment 1is predominantly ordered suggests that it is
strongly influenced by the input from monosynaptic }ﬁ
afferents or other inputs that are correlated with cell
size. From the group Ia and Il connections to homonymous
motoneurons, afferent input was proposed to be organized for
size ordered motoneuéon recruitment according to a
transi®ission failure ahd relief hypothesis. It proposes that
there 1is a graded invasion of .the synaptic terminals to
motoneurons which is more complete in smaller cells becéuse
there are fewer branch pointsiin the terminations to these
cells. This results in the smaller cells 'being more
excitable.

Although -a minority of reversals of motoneuron
recruitment seem to occur in most recruitment studies, their
occurrence is often unsystematic, between units with similar
thresholds and may be attributed to tissue damage during
nervé disséction. Thus, recruitment has been shown to be
‘ordered for the most part, by motoneuron size and strictly
- ordered by increasing contraction strength (tetanic

tension). ‘Tetanic tension was correlated w;\h motor unit

§
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type so recruitment was expected to occur by type as well.
These results argue strongly against random recruitment of
motor units within unit types. Strong but indirect evidence
has been provided ~for orderly recruitment by graded

intrinsic motoneuron properties.

1.11 The order of motor unit recruitment in human muscles
Using spiked triggered averaging, Milner-Brown, Stein and
Yemm (1973b) extended these ideas of orderly recruitment by
demonstrating that the threshold forces at which motor units
in the first dorsal interosseous (FDI) muscle of humans were
recruited dﬁring voluntary 1isometric contractions were
linearly correlated with the twitch tension of the motor
units, A weaker correlation was found between the surface
EMG and threshold force of recruitment (Milner-Br;wn and
Stein, 1975). Numerous studies have since cqnfirmed the
orderly recruitment of motor unitsAin-a variety of muscles
for 1isometric. contractions (Badingen and Freund, f976;
Freund, B;dingen and Dietz, 1975; Goldberg and Derfler,
1977; Monster and Chan, 1977; Tanji and Kato, 1973; Yemm,
1977) slow and fast ramp contractions, ballistic
contractions (Desmedt and Godaux, 1977, 1978), contfactions
£5
elici;ed via the stretch reflex (Calancie and Bawa, 1986)
and in patients with neuromuscular disorders such as
amyotrophic laterallsclerosis, polymyositis and ‘fdllowing
-pressure block of'é~n§rve_(Milner-Brown, Stein, Lee -and

Brown, 1981). Recruitment by motor unit type has not begn'

Tk
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tested in human subjects because of the difficulties 1in
physiologicelly typing motor units which are voluntarily
activated.

Like animal studies, some human studies indicate that the
recruitment order of motor units can be altered. The orderly
recruitment of motor units has been shown to be disrupted
during some fast twitch or ballistic type movements (Grimby
. " and Hannerz, 1974; 1976), during.the early phase of a non-
facilitated stretch reflex (Hannerz, 1973), when
proprioceptive afferents from the active muscles are blocked
(Grimby and Hannerz, 1968; Hannerz and Grimby, 1979), when
cutaneous afferents are stimulated electrically (Datta and
Stephens, 1981; Garnett ‘and Stephens, 1980; 1981) or by
tactile stimulation (Kanda and Desmedt, 1983), when
voluntary contraction of tibialis éntérior 1s superimposed
over recipfocal inhibition induced by the tonic wvibration
reflex evoked in the soleus (Bawa, 1981), when the soleus
muscle 1s subjected to posthal oscillation during normal
quiet standing (Mori, 1973) and when conscious oscillations
are introduced to a voluntary contraction of leg muscles
(Cremer,.Gregor and Edgerton, 1983). |

Two other situationé in which recruitment reversals have
occurred in humans are particularly interesting because they
involve activation of motor units 1in relatively normal
movement patterns. When a muscle produced movement in more
than one direétion or contracted as a synergist rather than

as a prime mover some examples of recruitment reversals
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betwéen pairs of motor units have been demonstrated (Desmedt
and Godaux, 1981; ter Haar Romemy, Denier van der Gon and
Gielen, 1982, 1984; Thomas, Schmidt and Hambrecht, 1978) .
The results of these studies suggest that there could be a
distinctly different order for recruitirg motor units during
muscle contracfions in different directions. This
possibility was assessed in this.thesis by examining the
recruitment order of motor units in the FDI and abductor
pollicis brevis (APB) muscles during different directions of
isometricicontraction.

Variable and orderly motor unit recruitment has also been

reported during some functional tasks (Eriksson Stglberg and

Antoni, 1984; Grimby, 1984; Mariani, Maton and Bouisset,
1980; McClean, 1984; Smith Zimmerman and Abbas, 1981;
Sussman, Macneilage and Powers, 1977). 1In these studies,

recruitment of motor units has been examined using criteria
such as spike amplitude, displacement of a body part and
diséhargé .pattern. Using any one of these c}iteria to
identify‘ a given motor unit by size has been shown to have
serious drawbacks (Hoffman and Luschei, 1980; Monster and
Chan,  1977; Olson, éarpenter and Henneman, 1968) and may.
\éj?plain the inconsistent results of these studies. A more
‘direct assessment) of recruitment order within a muscle
according to motor unit size during a functional task is

required and was ‘accomplished in this thesis.

Another apparent exception to the orderly pattern of
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recrultment 1n humans, is the random recruitment of motor

units in reinnervated muscle after complete severance and

resuture of the ulnar nerve (Milner-Brown, Stein and Lee,
1974). Yet, when the nerve to a single muscle 1s cut and
resutured in the cat, orderly relationships between motor

qnit properties were re-established over a period of = months
(Gordon and Stein, 1982). One important difference between
the animal and human situations 1s that, at the wrist, the
ulnar nerve branches extensively to innervate many intrinsic
hand muscles. Conseqguently, the regenerating motor -axons
could reinnervate their original muscles or 1nappropriate
. A

ones with different functions.

In studies of regeneration in rat muscles, motor axons
appear to show no specificity to innervate their original

muscles (Gillespie, Gordon and Murphy, 1986; Miled: and

Stefani, 1969). Misdirection of motor uxons does appear to

&

occur after facial nerve injuries involving regeneration and

has been proposed as one explanation for the mass movements

of facial muscles after such injuries .(Ford and "Woodhall,

1938; Freuh, 1983; Kimura, Rodnitzky and Okawara, 1975).
Similar suggestions have been assumed to explain the poor
motor control 6g%erved clinically after peripheral nerve
section and repair (Esslen, 1960; Ford and WOoaﬁall, 1938).
This proposal has been addressed in tﬁis thesis, by studying
the pattern of motor axon reinnervation and motor unit

recruitment after complete section and resuture of the ulnar

or median nerve at different levels in the human forearm.

!
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Even though there 1s no suitable test for the return of

©
voluntary function 1in animals, 1t 1s possible to test

directly how misdirection of motor axons from many motor
pools to foreign muscles affects the relatxonsh:ps between
nerve and muscle properties and their function. In this
thesis, two common nerves contalning axons to many hindliﬂ%
muscles were cross-united in young cats. The axons from many ™~
L)
motor pools were tgerefore misdirected to foreign musciles.
The functlon qﬂ%?ﬁe cross-reinnervated muscles was examined
durlng locomotion In acute experiments, the reorganization
of the réQZtionships between motor unit properties 1n the
reinnervated extensor muscles was examined.

To summarize, three appafent exceptions to orderly motor
unit recruitment in humans are investigated in this thesis.
These include motor unit recruitment order during voluntary
isometric contractions in different directions, during
functional joint movements and in reinnervated muscles éfter
completg section and resuture of a peripheral nerve. As
disordérly motor unit recruitment in reinnervated human hand
muscles may result from misdireétion of motor axons to
foreign muscles, the effects of misdirecting motor axons to
inappropriate muscles on muscle functien and motor unit

2

properties was tested directly in cats after cross-union of

’

two common nerves in ohe hindlimb.

1.12 Specific aims

The purpose of this thesis was to investigate:
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1) the orde{ for recruiting motor units 1n the first dorsal
interosseous (FDI) and abductor pollicis brevis (APB)
muscles of normal human subjects during l1sometric voluntary
contractions in different directions.

2) the order of motor unit recruitment in the FDI and APB
muscles of normal human subjects during functional Jjoint
movements.

3) the pattern of motor unit innervation and recrultment in
reinnervated human hand muscles after severance and resuture
of either the ulnar or median nerve at different legals in
the forearm. )

4) the function of cross-reinnervated hindlimb mus s of
the cat during locomotion. Motor axons were deliberately
misd;rected “to antagonistic muscles by cross-union of the
commoﬁ nerves innervating all of the flexor (common
peroneél; CP) and extensor (tibial) muscles of the distal
hindlimb of the cat.

5) the peripheral reorganization of the motor wunits 1in

‘cross-reinnervated  triceps surae muscles of" the cat

“hipdlimb.



CHAPTER 2

/&OTOR UNIT RECRUITMENT IN HUMAN FDI AND APB MUSCLES DURING

A

ISOMETRIC CONTRACTIONS IN DIFFERENT DIRECTIONS

The combined contractlion of a number of muscles 1In
different synergistic patterns can produce net movement 1in
different directions. Some human studies have demonstrated
that. the recrultment threshola-or the level of force at
which a motor wunit just begins to fire repetitively is
influenced by the directidn of contraction (Desmedt and
Godaux, 1881; ter Haar Romeny et al., 1982; 1984; Thomas. et
al., 1978). For. example, during flexion as - compared to
abduction of the first dorsal interosseous (FDI) mus;le,
alteration of recruitment threshold occurred im 8% of the

K

motor unit pairs (Desmedt and Godaux, 1981)2ﬁ55 many as 50%
of the motor unit pairs studied in the abductor pollicis
brevis (APB) muscle showed altered ‘recruitment thregholds
with different directions of contraction (Thoma§ et ﬁal,,
1978). These results suggested the potential for reversals
;n rank order of fecruitmen; and that there could be a
distinctly different order foer;cruiting motor Qnits dh;ing
contractions in different directions. Aiternatively,? is
there only a certain. amount of variability in  the
recruitment thresholds for different directions of
contraction? If a  unit is activatedipreférentially in a
contraction 1in one direction, are itS»muécle fibers so

>

organized that it contributes more force to ghis

<
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contraction? The present study was designed to answer these
questions by studying the recruitment order and the twitch
tension of human FDI ~ and APB motor units in different

directions of contraction.

2.1 METHODS

épike triggered averaging (Stein, French, Mannard and
Yemm, 1972) was used to examine the relationship between the
twitch tension émplitude and recruitment threshold of 144
motor units in the FDI muscle of 4 volunteers during three
different contractions: abduction of the index finger,
flexion of the 1index finger and adduction of the thumb
coupled with flexion of the index finger, hereafter refé}red
to as adduction (Figure 2.1). The methods were repeated to
obtain data from 48 motor units in-the APB muscle of 2
volunteers during isometric abduction and opposition

contractions of the thumb.

2.1.1 Muscle actions

The FDI muscle acts alone during abduction of the iqdex
finger, acts as a synergist with the flexor digitorum longus
muscle during flexion of the indexlﬁinger, and cdoperatesv
with the adductor pollicis and flexor" digitorum muscles
during flexion of the index ﬁinger coupled‘yith aaguction of
the thumb (Netter, 1969). Our observations confirm that,
despite the attachment of this muscle to the  first
metacarpal, it does not contr;bute to adduction of the thumb

without flexion® of the index finger to 'produce a pinch’
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Figure 2.1 _Schematic dxagram of the hand position used for

recording from the FDI muscle. The thumb and index fgnger

vere held in'a comfortable open-handed. position while® the ™

“”latéral"thrge' fingers gripped a pistol-like ‘“handle. The
‘dashed "lines indicateé the approximate location of the FDI

muscle between the first and second metacarpals. The custom

built force transducers mounted at right angles to each

“ other were posjitioned against the - anterior and _lateral

aspects of the proximal interphalangeal joint of the index

- finger 'to respond to forces during ‘abduction and flexion,

The Grass strain gauge -was. positiuned against the
1nterphalangeal joint of the thumb to respond to adduction

of 'the thumb. The position of the ‘force transducers is
1nd1cated by solid bars whxle the direction of contract1on

is 1nd1cated by arrovs. : o \

&

L



between the thumb and 1ndex finger (Netter, 1969; see

Chapter 4). It should Bg noted that a natural pinch would

36

involve flexion at a number of joints of the index finger-

and adduction of the thumb. The APB muscle acts with
abductor pollicis longus during abduction and with opponens
pollicis during opposition,

ZZj.Z Motor Unit Recording

%elective recordings of single motdr Qnit potentials were
obtained by wusing pairs of fine wire bipolar electrodes
similar to those described by Basmajilan and Stecko (1962).
Two insulated tungsten or stainless .steel wires (25 um) were
inserted 1into a disposable 27 gauge needle. Each wire had
its tip bared by 0.1 mm and was bent to form a 1.5-2.0 mm
hook. All these électfodes were gas sterilizea‘before‘hse.
2.1.3 Surface EMG Recording

\ .
Surface EMG activity was recorded using either Beckman

mini~potential -electrodes or Grass Ag/AgCl electrodes

positioned over the midline of the muscle 1-3 cm apart. A
saline saturated plate electrode waé“strapped to.the wrist
as a ground. All unit and surface EMG activity was
amplified, filtered (10-10,000 Hz) and recgrded on FM tape

(Honeywell 5600 C). -

2.1.4 Tension Reéording
FD1 muscle. To minimize unwanted movement, the subject

rested the lower forearm in a frame and had the arm strapped

~-



down at the wrist. -Subjects had their hands positioned as
illustrated in Figure 2.1. This procedure kept the muscle at
a relatively constant and reproducible length, but did not

completely eliminate contributions of other hand muscles to

s,

the measured forces (see spike triggered averaging,. p. 38).
Abduction and flexion forces were measured by t ustom

built fprce transducers firmly mounted at right angles to
each gkher. These transducers were constructed of aluminium
bars 5‘ cm x 1 cm x 1 cm narrowed to 0.35 cm in the center
where four strain gauges were attached. Each traﬁsducer had

a minimum sensitivity of 1 mN and a maximum allowable force

of 300 N. A Grass FTO03 strain gauge with a maximum
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sensitivity range of 1 mN - 20 N and a displadément of 0.5

mm/N was used to measure the adduction forces.

APB muscle. The dorsum of the hand rested against a
_wooden block. The hand was held in place by a strap across
the palm.' The cﬁstom—built force transducers described
above were positioned on a clamp stand so as to register the
action of the APB muscle; One transducer registered the
abduction contraction while the other tranéducer the
opposition contraction. .

All outputs from the strain gaugesr were both A.C

(bandwidth 0.1 - 100 Hz) and D.C. (bandwidth 0 - 50 Hz)

coupled from the bridge amplifiers. D.C. forces were used
‘to measure recruitment thresholds and were recorded on
magnetic tape while A.C. forces were wused for spike

triggered averaging -of the twitch forces.

”



2.1.5 Forée threshold

The force required to voluntarily recruit the unit and
fire 1t ‘repetitively during the early part of each
contraction was read from a calibrated digital voltmeter

connected to the output of the appropriate force transducer.

”

2.1.6 Spike Triggered Averaging

Twitch tensions and contraction times of individual motor
units were ~o&:tainedby using the spike potential of each
motor unithuto trigger a PDP 11/34 computer programmed toO
average the forces and the‘EMG associated in time with the
potential of that unit. If the impulses of other motor units
occur rénaomly relative to those of the unit being studied,
avéraging will extract‘the tension and EMG changes produced
by the-unit from the overall force and EMG fluctuations 1n
the whole muscle. The method depends on:

a) the accurate identification and diécrimination of the
motor Qnit potentials. The characteristic shapes of single
motor ;nit potentials were observed to change with changes
in mugcle position. Aléo, the spikes would often decreége in
amplitude when they first began to fire but with repetigive
;iring, their amplitude b@?ame constant. 'Averaging was
started after the unit had béén firing for several seconds,
and the unit potentials had bg;oﬁe stable. To ensure - that
' the same unit was being recorded from during each

contraction, the wunit potentials were monitored from both

38



electrodes as the direction of force was gradually changed.
Using an electronic window discriminator (Bak Electronics
Model Dis 1) units were selected which exceeded a threshold
\
voltage and passed through a window that could be set at a
variable delayAposition and with a variable aperture. An
acceptance pulse was then generated to trigger the computer
averaging program. The discriminated potentials were also
used to trigger a storage oscilloscope and then displayed
after passing through an appropriate delay line. The
waveforms of the accepted spikes should superimpose. Any
failure to do this, revealed inaccurate discrimination. With
changes 1in the direction of exerted force, different uqits
were often accepted by the window discriminator. Therefére,
slight adjustments in the settings of the window
discriminator were essential to maintaiﬁ accuracy of the
triggering during the different contractions.

b) the asynchronous activity of the motor units. If other

39

motor unit activity is time locked to the activity of the

discriminated motor unit potentiai, the force and EMG
con;ribution; from these units will be averaged and distort
.the twitch préfile of the discriminated unit. Synchronized
‘firing of motor units could be observed by monitoring .the
unit potentials. from both needle electrodes on a storage

’

oscilloscope, but was best identified-by' comparing the

-averaged unrectified and.rectified EMG (Milner-Brown, Stein’

and Yemm, 1973a). If the discharge of several units tended

‘tc be synchronized, the averaged rectified EMG would be
o .

A
o



broader and larger than expected from the unrectified EMG
and the ongoing unit activity. Thus,- even though the
absolute vglue of the contraction force may be contaminated
to some extent by forces from other muscles, the motor units
were confined to the muscle being recorded from. The

averaged motor unit twitch tensions will not be affected
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appreciably by contractions of other muscles unless the’

activity of these synergistic motor units is time locked to
the wunit being averaged. -Data showing syn;hronization by
this method were excluded from further analysis. Some
synchronization of FDI motor unit activity has been observed
with cross-cbrrelation histogram techniques (Datta, Fleming,
Hortbagyi and Stephens, 1985). However, it was unclear from
this study how much this would contribute to the force
generated by spike triggered averaging.

c) the ability of subjects to activate the unit at a low
cteady frequency. During-averaging, the twitch amplitude and
rise time 1is underestimated 1if partial fusion of the
twitches occurs. Distortion of the twitch profile during
. averaging depends mainly on the contraélioﬁ time of the
motor wunit being studied and an inébility to record spike
trains of low enough ﬁrequéncy to avoid partial twitch
fusion (Andreasson and Bar-on, 1983; Calancie aﬁd Bawa,
1986). , At a given firing frequency, the ionger the

contraction time, the greater the twitch fusion and

resulting distortion. Consequently, the effect is greatest

1 7



on ‘slow contracting units which typically generate small

twifch tensions. To minimize aistortion of «thel twitch
profile, the subjects were asked to maintailn the motor unit
fining frequency at a low steady rate (8-10 Hz) by lzstenxng
to the sound produced when the spike trains were fed to a
loudspeaker gnd by observing the instantaneous rate
displayed on & storage oscilloscope from an 1interspike
frequency converter (Bak Electronics). Since there were no
marked * differences in the firing frequency or the
contraction time of a unit.in each of the contraction
directions, it .is unlikely that nonlinear addition of
twitches was 'a significant factor in accounting for the
different twifcﬁ tensions generated 1in the different

directions of contraction.

2.1.7 Proceduge
All of these experiments were conducted with the Informed
consent of the sub)ects. For each recording session,  twé

electrodes\ were 1nserted 0.5-1.0 cm into the belly of the

FDI or,Aﬁé muscle approximately 0.5-1.0 cm apart. . Because

multiple insertions were necessary., the site of. the

insertion was varied so as to. obtain a widespread sample of

the populétibn of motor units and to minimize neuromuscular
damage. The éubjects contracted their FDI'or APB muagle in
any of the cbntraction direqtionsv;while the window
disgriminétorv was adjusted to identify one wunit. ‘When a

unit was ‘triggering accurately two averages of each unit



v were completed for each direction of contraction:
a) 20 sweeps to average the shape of the unit potentials.
b) 500 sweeps to average the twitch tension of the motor
unit and the associéted unrectified and rectified EMG.

With higher threshold units or units which were difficult
to activate repetitively, 1t was sometimes necessary for the
subject to pause during the averaging when the force
threshold increased due to probable fatigue of the wunit.
However, because the threshold ‘force fo; each unit was
relatively consistent during the beginning of each
contraction, it was used as a further criterion of accurate
unit identification ;hen the subject resumed contraction
following a pause.

Various - units were subsgquently identified and averaged
during the different contractions. Each subject was free to
ghoose the order of the contractions for the averaging of
each unit but this varied from unit to unit 1in érder to
‘randomize any effects of fatigue on the measured force.

Approximately 10% of all units initially selected for
study could not be accurately identified and discriminated
during the different contrEEPigns because of technical
problems. E}ther the - triggering was unreliable or émall
changes in botential shape made unit identification
difficult 1in one or two.direCtions. Sometimes during an

average, a unit would stop firing without any perception of

fatigue or obvious drop in tepsion aS the/ fraction of the

total tension being 'qenerated'by one Ainit would be very



small. That same unit would often resume firing some time

later. With practice, the subjects became Wetter at

activating the units in the different directions even though

it still often required a gradual transition from éné

contraction to another. No evidence was found among the
-

Bnits for a separate group of units which were

preferentially activated in only one or two directions.

2.1.8 Analysis of Data

By recording the motor unit potentials and acceptance

pulses on FM tape, the accuracy of the unit discrimination
‘

could be checked, when necessary, by retriggering from the

recorded signal. 1f the retriggered acceptance pulses did

not match the recorded acceptance pulses, the data were
- eliminated from further analysis.

Graphs of twitch tension as a function of threshold force

.

or contraction time were plotted on logarithmic scales from

the pooled data of each subject fof each of the different

contraction -“directions. - Similafly, the twitch tension and
threshold force data for each contraction direction were
plotted against data for other contraction directions. All

L3

data were fitted with straight lines according to a least
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mean -squares criterion (Sokolnikoff and Re@heffér,‘ 1958) .

Since the errors were%comparableféﬁ‘fhe x- and  y-axes, the

line chosen to- fit the data was one with a slope which

represented the geometric mean between the lines and which

”~

“would .minimize deviations in-the x- and the y-axes (see

KR

N4
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?igure 2.2B and details i1n Results).

Although it 1s possible that single motor wunits we:
recorded.from more than once wiFh repeated experiments, th.s
has not unduly biased thé results. Data obtained from only
one recording, session showed the same trends as the pooled
data. |

In order to-compére the recrultment order of the motor
units during each contraction, the threshold data were

ranked ffom the smallest to the largest threshold unit. The

"rank orders for the different contraction directions were

plotted against each other.

Data from Aé}l subjects and the FDI and APB muscles
goilowed similar trends. As most data were obtained from'twb
subjects 1in the FDI and APB musclesn these data appear' in
the figureg. Some data from each muscle serve as control

-

data in Chaptef 4.

2.2 RESULTS ' _ g

. Figure '2.2A shows spike triggered averages of the force

generated by a FDI single motor uhit when the subject

-

activated the unit during the three different contractions.

Note that the time course of the contraction is similar in

" all three contractions, but the méqnitude of the force is
greater in the abduction contraction in which the muscle is
" the prime . mover than in the flexion , or adduction

" _contractions in which it acts as a synergist (Figure 2.2A).

?igure 2.2B shows a number of units from one subjeét  in
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Figure 2.2 Twitch profiles (A) of a FDI single motor unit
generated by spike triggered averaging during the
contractions of abduction, flexion and adduction. In B,
flexion twitch tension is plotted against abduction twitch
tension for one subject. Twitch amplitudes were generally
greater during abduction than during flexion as the majority
of points fell below the line of unit slope (u). Also drawn
are lines. that minimize the deviations in the x or vy
directions and the line whose slope is the geometric mean
(m) of these two. As comparable errors occur in both the x
and y directions, the "m" line was considered the line of
best fit and was.plotted in subsequent figures when the
relationships were significantly different from zero at the
5X level of confidence. . _

'



46

which spike triggered force averages were generated during
the abduction and flexion“contractions. Four lines are
shown. The line labelled "u” 1s dme of wunit slope which
would be followed if units generated the same force during
both contractions. Since the data mainly fall below the
line, this confirms-for the whole population of motor units
tha; forces were generally greéter during the abduction
contréctgon than the flexion contraction.®

| The other three lines all pass through the geometric mean
of the data, which had vai;es of 47 mN for abduction tension
and 28 mN for flexion tension. The® corresponding arithmetic
means fgr this subject were 64 mN angd 40 mN. With eilther
measure, the flexion tensions of the motor units were
approximatély 60 % Qf the abduction tensions. The lines
minimizing the dgviatibns in the x- and y- directions are
plotted. Errbrs will of course océur in both dirertions” so
‘the moést appropriate line w;s the one labelled,"m" because
its slope is the geometric-mear of the x and y lines. This
is approximately the line one would tend £o.fit by eye and
is used fhroughput ﬁﬁ@s bape;. 3 I

'éﬁﬁFqu;e 2,3 -illustrates -. the significant positive

» .

»

correlations found between twitch tension ambl{tude ~and

recruitment threshold force ‘for - abduction, flexion  and

adduction ‘of the FDI muscle and abduction and opposition of
the APB :szcle. The slopes of these ?relatiqnshiés were

similarv for all three directions of -contraction of the FDI

»
>

muscle (0.94 + 0.10, - for abductiony 0.88 + 0.13, for

I 4
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Figqure 2.3 Twitch tensions of motor ‘units from two
recording sessions from one subject_plotted as a function of
the recruitment threshold of the  units during the
contractions of abduction (A), flexion (B) and adduction (C)
of the FDI muscle and abduction (D) and opposition (E) of
the APB muscle. f
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flexion; 0.82 + 0.6, for adduttion, mean * S.E.) and the
two contraction directions of the APB muscle (1.09 =+ 0.3
for abduction; 1.19 + 0.16 for opposition). These data show

that motor units which produce large twitch <tensions are
recrulted at hiéher force thresholds than motor units which
‘generate small twitch tensions. Thus motor unit recrultment
appears to be ordered by increas:ng twitch amplitude (size)
in the FDI and APB muscles irrespective of the direction of
the isometric contraction.

For each muscle, there were negative correlations between

contractile speed and wunit twitch tension in each
contraction directiQﬂ/LE}éure 2.4). The relationships were
significant but weak. Units with slow contraction times

therefore tended to generate small twitch tensions while
those with fast contraction times generated larger fwitch
tensions.

Ih the FDI muscle, motor units were rgcruited u§ to 78 %
of the maximal voluntary abduction fotce (54-78% for
different subjects) which is greater than.the relative motor
unit thresholds reported by Milner-Brown et al., (1973b) but
similar to ‘those reported by Desmedt and Godaux (1981) and
Young and Mayer (1981). The force thresholds at which motor
‘units were recruited-during fle;ion (49-64%) and adduction‘
(14-45%) relative to max imum Qoluntary contraction were
lower than those obtained Juring abduction. These cesults

were expected as other muscles were likely to contribute to

the maximum force that can be generated in both flexion and
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Figure 2.4. Contraction times of motor wunits from two
.recording sessions from one subject plotted as a function of
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abduction. (A), flexion (B) and adduction (C) of the FDI
muscle and abduction (D) and opposition (E) of the APB
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adduction. In the APB muscle, these values ranged from 51-
69% for abduction and 26-29% for‘opposition. -
N
In terms of absolute values, the FDI flexionc;ecruitment
thresﬁolds were generally greater than those in abduction as
most points in Figure 2.5A lie above the line drawn at 45°
to the axes. However, the reverse trend occurred for FDI
units in adduction and abduction contractions (Figure 2.5B).
In the APB muscle (Figure 2.5C), opposition thresholds were

generally lower than abduction thresholds.

. \ . . R
Fiqure 2.6 correlates by increasing recruitment

50

threshold, the rank order of recruitment of motor units:

during the different contraction directions for each muscle
of one subject. There was a significant positive correlation

between~ the abduction and flexion or adduction ranks in the
. 14 \
FDI muscle and between abduction and opposition thresholds

muscle. Therefore, 1low- threshold wunits in

abduction weke likely to be low threshold units in flexion,
| opposition respectively. The rank order
correlation coefficients for the data presented in Figure
2.6 were 0.97, 0.88 and 0.88 for - flexion, adduction and
oppositi?: versus abductieh respectively. In "the lower
'ranked’d%its, the‘data wvere more scattereé for adduction and

opposition. Thus, - although the recruitment orderi in
, ‘ |

abduction is 'similar to that in flexion, adduction or :

opposition, it was not necessarily identical.

\

Frequency distributions for the FDI twitch tensions and

:ecnq}tﬁent, thresholds of all units from all subjects are
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one i subject. Units lying on the line drawn at wunit slope
have the same rank during both contractions.  and would
.presumably  be recruited in the same order during each.

-contraction.
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plotted in Figures 2.7A and 2.7C. The distribution is skewed
for each different direction of contraction and is similar
to that reported by Milner-Brown et al., (1973b) for
abduction.  That 1is, most of the units studied had small
twitch tensions (<30 mN) and low recruitment thresholds (<4
N). In contrast, the freguency histogram for unit
contraction time (Figure 2.7B) ihows a fairly symmetrical
distribution. In the APB muscle of each subject, there were
similar skewed distributions for twitch tension and
recruitment threshold. The contraction &ime distribution was

unimodal.

2.3 DISCUSSION

The recruitment of motor units in the FBI and APB muscles
has been shown to be ordered according to increasing’twitch
amplitude (size) for each of the different directions of
contraction, The un;ts could not be physiologically
classified by type, bét recruitment by size cannot be
disiinguished from recruitment by type, because these two
variables are correlated (Zajac and Faden, 1955);
Nonetheleés,.thése data extend the previous findings for the
FbI muscle during isometric abduction contractions (Milner-
Brown et Hal., 1973b; Desmedt and Godaux 1977; 1978) b;i
sugéesfing that the orderly recruitmentb of' motor units
describes the function of the gDI muscle irrespective of
whether this muscle acts alone as’ iﬁ - abduction, as a
synergist with flexor digitofum léngus as in flexion, or

¢
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Figure 2.7. Histograms showing the distribution of motor
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cooperates during adduction of the thumb. The same
conclusion can be drawn for the APB muscle during 1sometric
abduction and opposition of the thumb.

Although the- data do not show a marked alteration of
motor unit recruitment in response to contractions in
different directions (cf. Desmedt and Godaux, 1981; ter Haar
Romeny et al., 1982; 1984; Thomas et al., 1978) the slight
scatter in the FDI data (§sgure 2.6A) would perhaps account
for the small percentage (8%) of recruitment alterations
with flexion as compared to abduction reported by Desmedt
énd Godaux ({981). The potential for rank reversals with
différent directions of contraction of the FDI muscle~iis
more obvious from inspection of Figure 2.6B. For example,
the Qnit marked with an arrow would be recruited second
during adduction and tenth during abduction. Note, however,
that there 1is a significant positive correlation in the
rankings for allvthree directions of contraction. Therefore,
the data indicates a very similar but not 1identical rank
order /of motor unit recruitment in the three directions of
contraction: Similarly, the greater scatter>in the APB data

(Figure 2.6C) could reflect the Variations. in recruitment

55

threshold during different directions of contraction in 50%:

of the APB motor units studied by Thomas et alg, (1538). The
motor units iﬁlthat study were recruited up to forces of 5 N
which is a relatively low value. These units coﬁld fﬁerefore
'tepresent those 1lower thresheold units which showed the

greatest scatter in our data.
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In the FDI or APB muscles, no clear evidence was found to
support _Seleét;ye activation of motor units for different
tasks. Different éroups of motoneurons in the cat sartorius
muscle do function in different phases of locomotion (Loeb,
Pratt and Marks, A1984). This suggests that task groups of
motoneurons may only apply to muscles with wide insertfbns
such that some fibers can act to prodJce differgnt . joint
movements. If more than one task group was invoived in these

. .
different muscle contractions reported here, then one would
expect a largefproportion‘of the identified motor units to

-

be easily activated 1in one or two of the directions of

contraction and either difficult (have a higher threshold)
or impossible to activate in the other directions. The data
showed no such Ipreferential activation of motor units
because each wunit contributed tension 1in each of the

different directions. One might-arque that the 10% of motor
v

units that could not be recorded from in different

contractions represented” those units which were
preférentially activated ’ﬁ one direction or another;
However, technical problems associated with accurate unit
identification and discrimination could in the majority -of

cases account for the inability to obtain data from these
e ‘ '
units (see Methods).

. w , .
Obviously, some of the differences between the rank order-
o ' e ol ‘

of recruitment of a given motor unit duringfeachigontzéctioﬁ'

may be due to errors inherent in thg~reEofBngfﬂteéhpi§yp‘.

° .
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Varying amounts.of activity 1n synergistic muscles during
contraction of the FDI or APB muscles may -account for the
differences ~in the thresholds of a particular wunit with
different directions of isometric contraction. In terms of

force generation, the range of motor unit twitch .tensions

" recorded from all of our subjects during abduction of the

N

‘ ‘ : ;

FDI muscle was .within the ranges of values previously
reported for that muscle <(Milner-Brown et al., 1973b;
Stephens and Usherwood, -1977; -Young and Maygr,1198f)~ Each

motor unit contributed approximately the~séme"p}pp0rtion“of
. //
total force in the dlfferent contractlon dlrectlﬁﬂs ogg the
- 5 e . Afi‘;,

FDI muscle although the absolute values were' generahﬁy

greateétﬁ during. the pr1me actlon of the- muscle ‘(abductlon)

as compared to flex1on or adductlon.» Motor unlts 1n the APB

muscle ' developed similar ‘tension in’ both contraction

directions. q?résumébly,' the biomechanical organization of

the muscle flbers a&do/fﬁf;orce'”to be generated most

P

effect1vely dgrlng the prlme actlon of -théfvmnééie; Thus

G B

with respect to the FBI muscle, flex1on of the 1ndex f1ﬁ@er"'Q

and adductlon of the thumbfare llkegy to be more eﬁﬁectlvely

9, f¢“
accomplished by the flexor dlgltorum and adductqr pdlllc15-f‘

e :

e
R o

- S - "\-_,’

muscles nespectlvely u.” ;,ri-,; "’ﬁ_mj

In ‘relatlon to contractzon tlme, @the data from-,&ll

- ‘4 _‘

. subjects from either mpscle dﬁd aot'clea;ly Separate i1nto

s 3P

“In FDI

two populatiohs.

RN
a N



units would be considered slow twitch. Histochemically
(Johnson, Polgar, Weightman and Appleton, 1973), the FDI and

APB muscles have been estimated to contailn an average of 57%

and 63% type I or slow twitch muscle fibers respectively.

—

However, as innervation ratios have not been determined for
‘units 1in these muscles, 1interpretation of physiological and
histochemical data 1s complicated. Those cases in which

subjects had to pause during averaging were 1indicative of

" recording from fatiguable motor wunits, as reported

previously (Stephens and Usherwood, 1977; Young and Mayer,

‘j983),‘Although a- similar number of impulses was required as

'éthap,;o‘ﬁest fatigue (Byrkef 1971), the rate of unit firing

'"yps much lower in this study. The effects of fatigue should

-§

'therefére ,bé less marked. _The distributions' for twitch
teésion,. threshold " and contraction time of motor u&its in
“tHe FDI and APB muscles were similar to those previously
reportedq for Ehe FDI musclé during abduction cdﬁtractions
(Milner-Brown et al.,  1973b). Overall, as the FDI data
closely parallel thé gesults of others, it was considered

representative of the populgion of motor units in that
- v

P >

muscle keeping in mind the mechanical 1limitations.  of

recording from intact muscle (Calanrie and 'wa,g 1986) .

Therefore, measuregent error alone does nof account for the

v

A%

chahges in rank order “seen in the data.
In conclusion, - the dati!fhow that recruitment by twitch
amplitude (size) can provid
N R

. PN . e
Bt
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a géneral dcription of motor -



unit recruitment 1n the FII or APB muscles during different
directions of contraction. However, training (Duchateau and
Hainaut, 1981) and other factors may 1ntroduce some
variability 1in the rég&pitment order of a motor unit during

*

a given task.

59
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CHAPTER 3

HUMAN MOTOR UNIT RECRUITMENT DURING ISOMETRIC CONTRACTIONS

AND A FUNCTIONAL TASK

During functional tasks such as locomotion (Primby,
1984), forearm flexion movements (Mariani et al., 1980),
different 1lip displacements (McClean, 1984) or speech
production (Sussman et al., 1977) motor unit recruitment has
been described- as orderly. Variability in motor unit
recruitment has been described 1in differentqgaw movements or
syllable repetition (Egplksson et al., 1984; Smith et al.,
1981). In these studies, recruitment of motor units has been

examined using several different criteria. These include: a)

spike amplitude (Eriksson et al., 1984; Smith etgal., 1981;
Sussman et al., _1957), b) lip displacement. (McClean, 1984)
or c) discharge pattern (Grimby, 1984; Mariani et al.,

1980). However, using any bne of these criteria to identify
a given médg?' unit by size has serioLs drawbacks. For
example, spike amplitude varies with the distance of. the
muscle fibers from the reéording electrode (Olson et él.t
1968). The force generated in a given direction with
different 1lip displacements can vary widely (Hoffman ana
Luschei, 1980). Near recruitment threshold, the discharée
patterh depends on the speed of congraétion and relaxation

(Monster and Chan, '~ 1977). Therefore, a more direct

demonstration of motor unit recruitment order according to

%% size is required within a muscle during dynamic movements.

60
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The purpose of the present study was to establish whether
the apparent potential for rank reversals 1n recrultment
order of motor units during iscometric contractions of the
FDI and APB muscles as reported in Chapter 2 carried over to

functional ioint movements.

s

3.1 METHODS

‘To assess the potential for altered motor unit
recrditment, the recruitment order of pairs of motor unit in
the FDI and APB muscles of 2 subjects was determined. The“
ordeT —~was based on the relative time at which each unit of
the paif‘ fired during repeated scissors movements. Té
identify the size of these motor units and therefore their
N
expected recruitment order during scissors movements, the
recruitment threshold of each unit during an isometfic

contraction was compared to its twitch tension deternlined by

-

spike triggered averaging. P i

3.1.1 EMG activity.
Both fine wire (see Chapfer '2) . and bipolar needie

f%ctrodes constructed according to the method of Bawa and

KTatton' (1979) were  used to detect motor unit poténtialé
during the repetitive opening and closing of the scissors.
The recording and amPlification of all EMG activity was
identical to that outrined in Chépter 2 except® that the

.potentials detected by bipolar needle electrodes were

filtered with;a bandwidth of 300-10,000 Hz.



3.1.2 Scissors

To record the scissors movements, a 0-1'0 k@ potentiometer
-~

was attached to the axis of a 'S5 ¢m pair of high guaiity

P

steel scissors. The output of the potentiometer was recorded
on magnetic tape for later analysis and displayed on a pen

recorder to visually check that the repeated %@d unresisted

-

operting and closing of the scissors was consistent 1n rhythm

and amplitude. ) 5

3.1.3 Procedure ?L
Py

- ‘ . - . K
For each recording session, two fine wire~elfctrodes or a

single bipolar needle electrode was inserte (0.5-2.0 cm-

deep) into the belly'of either the EDI or APB muscle of one
of the subjects. The pair of fiéé wire electrodes were
.placed 0.5-1.0 cm apart. The actual sitg of insertion varied
from day to day for ea;hISubject in ordgf ﬁo éample a range
of mofor unit!’~from the pepulatxon

~Initially the subject would repeatedly open and close the
scissors -+so _that motor .un1ts could be identified . and
accurately discrimiqatgd; The wind&w discriminétor was set
‘tb accurateiy and reiiébly trigger off just one of the motor
A uni;s; All motor hﬁi;'activity and the acceptance pulse from
che‘window discriminator were then recorded on magnetic tape
for up to two minutes “of scissors movements. These data were
1étéf analyzed"tb determine the;recruitmeht ordetr of the

unlt pa1rs dur1ng the sc1ssors movements. Each un1t was then

monltored durlng an 1sometr1c contractxon and averaged for°
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a) 500 sweeps ° to determinei__the twitch ‘tensﬂon,
.contractlon time and assoc1ated EMG of the unlt. |
if;;ﬂ b) 20 sweeps to obtain the shape of the spike potentlal\
| A Grass FT03 force transducer was used to monitor the

. - - . .
: fqrbe from both muscles. Abduction or flexioq of the index

- . .. . . . .
finger was used during the isometric centraction of the FDI

. . - t . N -
muscle while. abduction of the thumb was used for the APEf

€

© . . . . . . .
muscle. Other motor _units were isolatéd by adjusting the

»

settings on khe window discriminator. With e  needle

electrode,' éther : units Jcould"also' be ‘recorded by

LY

repos1t10n1ng or relnsertlng the needle in the muscle.

,Q .

) '." H .
3.1.4 Analysis" - .

For- the isometric contrhction data fo; both muscles,
graphs - of ‘tWitch an51on as a fumctlon of threshold forCe or
v °o
*contractron ‘time were plotted on ﬁogav thmlc 5cales(' They
. oo

: d‘u were. f1tted with Stra1ght llnes to/mlnrmlze the - dev1at10ns

(

accord1ng to a least mean squares crlﬁergon as descrlbed in.
@ , ) 5 . ) . .u‘, R s . ) N

'Chapter 2. L o S QﬁT‘EJ:° v ’
N ,\ ‘v, - N o . "’/Jt'a" - . . N X .
‘ . ‘To ‘ensure- that//the same motor un1t° was discrimrnated

7‘during ‘an 1sometr1c contractlon<and d@rzng ‘the’ »sc1ssors
_ o o

‘movements, the shape ot each pre%lously%1dent1£1ed unit was*

" o .

;reaveraged from the taped sc1ssor§‘data. It was compared to
rj-_'ﬁthat recorded dur1ng an 1sometr1c contractlon.
Oon a pen recorder, as permanent record was _made of the-

a) anglog output of the scassors.f

)
< ,,

.un1t: act1v1ty accompany1ng the repeated sc1ssor5'

pr
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movements.
c) acceptance pulse from the window discriminator.

The actual recruitment order of the motor wunlt pairs

‘during repeated opeﬁing andchosing of the sgissprs could be

determined frem the temporal relationships of the acceptance
pulses. I

’ The\ time between the recruitment of each péir of motor
units studied was then determined in up to 30 (range 5-30)

repetitive scissors movements. In each scissor movement, the
Y

analysis of the firing interval was limited to:

4 a) unit activity that was phasic and so confined to either

the opening or closing of the. scissors (APB —-and FDI
£ ' ,
@ . &

muscles, respectively).
fb) the first occurrence of each spike (seelFigure 3.2).

The taped data of the scissors movemehts and the-'métp;

é d1gltlzlng storage osc1lloscope (Tektron1x,-

"record of motor un1t dlscharge during each 501ssors movement»

was stored in turn; After the pa1r of motogu’unats were

v .

yiSually 1dent1f1ed by shape_and amplltude a cursor was |-

potentials, The '<t1me 1nterval between them »was>~then

" . . . - s A

recbrde&"fW‘JThe”-interval between spxkes (in"msec5~ was
asszgned a posztxve value when the unlts were recru1ted in

"_order of 1ncreas1ng threshold and a. negatlve value when

W

\frecrnltediln the’ ,everse order. If the 1nterval exceeded an

e

'the un1t recru;tment

f positioned/ on the same»promlnent peak of each of the two

'S
©
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order was ohly designated by sign. For each pair of
potentials, the overall mean and standard dgyiation of the
time intervals which were less than 100 méec were calculated
for all the scissors movements analyzed, as well as the mean
ing;rval for those 6ovements in -yhich recruitment was
§rdered. In some cases, the activity of 3 “simultaneously
active single motor units could be }eliabiy followed during
scissors movements. For these units, ‘pair—yise compariséns

were made as above.

3.2 RESULTS o * .
Figure 3.9 sHows“the recruitment threshold and twitch
tedision amplitude of the motor units identified in the FDI

and APB muscles of one subject. Those.” units that were

identified during scissors movements are plotted with closed

symbols;~‘These units had recruitﬁent.;presholds that were

“approximately 50% of ‘the. maximhm reé?uitﬁént . threshold
recorded from thehpqpuiatipnvof motor units studied. - Even
so, there were signifiéant positive correlations between

~.

twitch tension amplitude and recruitment threshold of fjust

‘those . idéqﬁified« in scissors movements ar all  the motor

\

 units.du:ing isometric contractions. These data confirm the

findings" that the recruitment of these . motor uni;é is

ordered by twitch size during isometric contractions (see

R

- _Figuteaa3.2:illustratgsdthé;actual discharge of 2 ‘single

ﬁpitéiidéﬁtified;in thefgél muSCIe.dufing a - single cycle of’
S - e e ‘ . - .
: 23 Sl , v .

B ‘- .
. o - o . IR . ) . Ly
oo. oL . . . B . . . L ERy
o € e ‘ .
A . Lo i
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Figure 3.1 Twitch tension amplitude of .FDI (A) and APB (B) .
motor units of one subjéect plotted as a fundtxon .of _the -
recruithent threshold of ‘the units durang 1somett1c
contractions. Those units also identified during scissors
movements were plotted with closed gymbols. Regression lines
minimizing .the ~deviations in both directions were drawn‘”

“Abecause ‘the relationships were significantly different ’ frOm

zero at the 5% level of confxdenceau,

R
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close

3 o /
open .

b
“a -
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\ ) 1 1 1
1t 1t T
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% —_— t_t_J
40 msec !
g
P , A ‘ e
ied in the

: -ggfiéure 3.2 Discharge of two motor units identif

" FDI muscle during one opening and closing of the scissors,

The 'lower threshald unit- (1.6N) .labelled "a" fired 66 ms:c;'
The.

If .
the firing interval.

"k, before the higher ‘threshold unit (6.3 N) labelled: ."b".

#& firing interval was therefore assigned & positive value.
¥¥'the recruitment “order had been reversed,

{¥ would have been assigned-a negative value.

Py 5 . . -
~ L. R i D




68

opening and closing the scissors. The recruitment threshold

” L

of unit "a during an lsometric contraction was 1.6 N, while
unit "b" had a threshold of 6.3 N. The interval between the
first occurrence of each spike (ti) was 66 msec. Since the
actual recruitment order of this pair was consistent with

.

their respective _thresholds measured during an isotetric

contraction, the 1nterval was assigned a positive value. If

4 a .
the recruitment order had been reversed the interval would

Al

have been ass1gned a negatlve value. Motor unit’ discharge\ﬁ

during each scissors movement was analyzed in this way. Note

that both units fire just before and during the ;losing of

NG

the scissors. Samilar data were obtained from the APB muscle

of each sub)ect except that these motor unlts tended to fire O

well betore the onset of scissors openxng, and typically

fired more times during a movement cycle than-units from the

FDI muscle. Presumably, the.motoneurons'are excited simply.

by the subject holding the scissors. As this requires .some

opposition of the thumb, tﬂe units fire yeli before the

hed - ~

actual movement begins.

Figure 3. 3 shows thev variability- in“ the data.~' It

°

-

summarizes the overall firing 1nterva1 (+# s.d. ) bexween the

recruitient of each pair ‘of motor unlts in the FDI and APB

muscles durlng the sc1ssors task for one subject. ”The .unlt_

pairs were .plotted : from top to bottom,,_ih order'_of>

-

decreas1ng percentage of reversals. In those cases where no'“;

»2

'reversals were’ observed and the. major1ty of 1ntetvals _dldf;J

not ekCéed 100 msec, the palrs were plotted in order of

B

o
LN
)
.
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Figure~ 3.3 Plot of the mean (+ s'.d.) time 1nterva1 between  1
the .first occurrence of all motor unit pairs recorded from

- -o.the FDI and APB muscles of one subject. Up to 30 (range 5-.

- 30) scissors movement's contributed to the overall mean (¥
s.d.). firifg interval (@), The triangles (a), represent
the dean 1nterval for all the scissors movements in which

*the ‘'unit . pairs fired in order of “inc¢reasing: threshold.u»
Listed to the left of the figure are the numbers of" sc1ssors;‘

_movements analyzed and the overall percentage:of recruitment
revqrsals observed. At the right are the numbers of analyzed -

scissors movements in which the time: 1nte:va1 between spxkes‘;;

exceeded 100 msec. " In these, the recru;tment order vas only .
des1gnated by sggnz S .. FE PR SR :

.‘ P ,' * 4..‘ ) . S :r’” i



increasing sample size. Plotted at the bottom, ‘were those

pairs where the majority of intervals exceeded 100 msed% The

.

overall mean interval between the recruitment. of the . units

o

is represented by the circles and the triangles represert .
the mean of the units that fired in order of increéasing
threshold. Thus, for those pairs in Khich‘recruitment was

completely ordered, the owverall and ordered mean firing

a

,intervals Qere‘theNsegzi Only the standard deviation limits
of. the pverall mean w

e plotted, For most unit pairs, these

values were large. ’Differences in the velocity of ‘the.

'sc1ssors movements may acC0unt for this large varxablllty in
3 z{,u . -
;the intervals _between ' the rec;uxtment of a Unlt pair

e
R

(Desmedt and , Godaux, 1981; Taan~,and Kato) 1973), eyen

thowsgh the subjects attempted to Keep  the - scissors
. . B . .r . p A AN - “‘é .
movements'consistent in rhythm and amplitude. The percentage'

of recru1tment reversais ranged from 0—100% and 0- 67% in the
FDI and APB muscles"” respectlvely as: l1sted on the left of

thel graph However, 1t should be noted that several motag‘

» ‘

unze palrs were afﬁégs recrulted in. order, Oft~1ncreasgng

,|. ‘. B

threshold and only two un1t palrs 1n each muscle showed
'recrultment reversals in more than 50% of " the 'analyzedt

SC i SSOI’S movement:;

P
d——/

Fzgute 3 4 shows the percentage of recru1tment 'reversal h;=i
recorded all palrs ]Qﬁ; motor unlts‘ durlng sc1ssors
movements from the two subjects. All motor unxt recruxtment'
thresholds were normal:zed to the hlghest threshold record}dit:\
| for .eachn muscle in eachﬁsubgect.‘_Tenﬂpe1ps‘otl gD; motof;

.;

’.‘(v
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~“Figufe{3 4'Pergéntage pf-recruitmentﬁteVérsals in all, mthr
- unit- pains -in_ .the FDI (A).and .APB- (B) musg%gs platted:

against-the" threshold difference (% of maximum -threshold -of

‘units  identified dur1ng scissor movements). The different

- symbols - reptesent datd from different subjects. Up to 30
(rangex$-30) scissors movements were analyzed for each - pair

7,;o£ motor units, A regression line minimizing. the déviations

N 1 ¢he x and y directiens was drawn only for those mator
. ‘unxts in each muscle in which: rec£u1tment reversals occurred
when. the: reiatlonshxps were»51gnif1cant ‘at the 5% level of
= confxdence. T AR . ) S '

¥
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‘correlatidn‘was negatsve bht'not‘signifipant;

72

units (36%) with threshold differences ranging from 2-32%

were always recruited in ordecr of increasing threshold. In

\

14 unit pairs (50%), recruitment reversals occurred but the

‘ncidence was 50% or less. Therefore, only 4 unit pairs

(14%) showed greater than 50%'recruitment'reyersals. In the
APB -muscle, 2 unit pai¥s (22%, threshold differences 30-39%)
always showed ordered recruitment, § unit pairs (56%) showed

SO% or fewer recruitment Peversals, .leaving only 2 unit

AN

pairs (22%) with greater than 50% recruitment reversals, The
motor uhit regruitment during repeateg scilssors movements
was therefore predominantly ordered by twitch size ih both

. . .
the FPI and APB.muscles. In Figure-3.4, lines minimizing the

-

deviations in both directions were fitted only to data from

unit pairs that showed recruitment reversals. The occurrence

was generally greater between unit pairs that had similar

thgesholds. A 51gn1f1cant negative relatlonshlp was found in

3 L

L
the FDI muscle’ In the APB muscle, the sample was small. The

..

. : i . N - -

3.3 DISCUSSION S e e e
The order1ng of motor unit: recru1tment durxng isometric

eontractions havaeen shown here to be preserved for the

o

“»kest‘ipart,. durlng repeated scissors movements 1n both ‘the

.EDI' and APé muscles. . For’ eas1er readlng of the text, tpe.

-

| data ﬁxom nthe'FDI‘muscle 1s.ncw presented first. “ The APB,

» - -k ' . - e

data follows in brackets. e S | \7

* K}
<

What could aCCount for the observed alterat1on ,ih- the. "

- . I L - ol . B e . T
e .. ~ . . . . . o \
B . . -
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Texpected” recruitment orger of the motor unit pair in 24%
(26%) of the scissors movements recorded? = Recruitment
reversals observed between pai(g‘of units in which: a) the

firing‘ _intervals were 5 msec or less and/or b) _&he

thresholds were within 5% of each other, could fall within

‘experimental error.

. . £ . )
During ®he scissors movements, five percent (8%2 of the
‘ o

observed. reversals occurred within 5 msec of each other.
"Fluctuations” in the\ velocity of the scissors ’movements
‘ By . P '
(Desmedt and Gag@aux, 1981; .Tanji and K#to, _1973) or changing
SN : .

the load by some movement of the hand or‘zgjst could account

/

' S . . . .
for _diz;e?ences in the time of recruitment of both units

/

Telativé to the stissprs movement. However,

3' -would bi{ expected to affect both uﬁits'of
;{ same wa%*;wand would not alter thg recrui;m‘
exteption would be thé qgse"in which theigxoh of the
.threshold motor unit éonducted impulses at a suffi
low threshold unit, thus appearing to be’
at the ' motor uniélevel.A.As§uming a. ﬁ;{imum gonducfioﬁ ¢
‘distance of 0.5 m from the motoneuron pool to the electrode
'.frecofdinéliiééféﬁg a coﬁduc ion vé) }ﬁ;y of_4§'m/§,ia€\leasi'

, -some of the "reversals" odcurring within 5 msec of .each

other' could . simply be attribyted to differences in axonal 7]

-

conduction v locities, ~ and not tS mechanisms occurring at

. e '
- the soma or dendrite level. -
) In wunit pairs thatibhdwed’ recruitment reversals, 'the
& : s . .. . .. ~ . . . ‘ ’ }

Lt [ ‘ : ‘ L e . . -
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4
- occurrence of these reversals was generally greater when the

difference 1n threshold between the pair of units was small,

"2 4 )
" ’ f‘luct*v

R mevement or with time. Threéhold differences which were 5%

”’., The. recguitment threshold of a unit tended to show small

e h . . -
1ons with slight changes in hand positian., - speed of

-

or more of the maximum recorded for units identified during
' scissors. ‘movements could be’ confidently distinguished.

“Therefore 13% (20%) of the recruitment reversals observed
¥ X
betweeh unit pairs with threshold differences of less than

5% of maximum mai\have resulted from experimental error. In
. A

\

addition, the movemgnt.of the scissors on the fingers could

influence the size ordered recruitment of motor units as

?

+ ., variations in tactile' activity Of the fingers can alter
. B !

tecruitment order (Kanda and Desmedt, i983).
Ta:ihg the extreme case, the observed reversals that
_occurred betweenlpairs of units with'simiiar thresholds and
small firing ipterVaIS-éouid be pooled.- In this case, 15%x
(21%) of the reversals seep.: 1h this st udy could be’ accountedéj
f&fOr. It is unl1kely that the. remalnlng 9% - (5%) of reversalsb
- were just the random changes that -may occur between un1tg of -
very 51m11§; 51ze. In these data were 2 FDI motu}\unxt pa1r5'
. ’ that showed\greater than 50% recru1tment reversals. These 2
' pairs alone contributed to 6% of the obserVedr reQeraais
- recorded in that moscle.‘ Thus, the ¥ema1n1ng 3% (5%) 'of
reversals-wera,scattered amongst the other motor un1t palrs.

[}

“This data could therefore support previous buman stqijes

2
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that have monitored predominantly Torderly” motor unit
activity during dynamic movements (érimby, 1984; Mariani et
al., 1984; Sussman et-al., 1877). However, these studies
have used .spike amplitude, lip displacement or firing

v ~ )
pattern as recruitment threshold-criteria, mgone of which can
reliably indicate recruitment by motor  ufit size. The

measurement of recruitment threshold and twitch tension for,

o

each unit in this study allows a better determination of the

extent of the reversals of motor unit récruitment by size

.

‘. . . . . .. R .
during repetitive movements. Scatter in data recorded during

isometric contractions may be a good reflection of +the

‘ -
potential for these recruitment reversals, espectially

between low threshold wunits, which usually have closer

thresholds.

’

In conclusion, there is a strong relationship between
motor unit size (twitgh amplitude) and retruitment order

during’ isometric contractions which is largely preserved

-~

"during a functional task. Recruitment reversals during
. a ,*‘,‘.

frépeated dynamic‘movements%here most common. between units

with similar thresholds and occurred unpredicfably *in

subject to subject during different recording sessions.  °

»
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CHAPTER 3~ ‘ C

-

@A
PATTERNS OF INNERVATION AND MOTOR UNIT RECRUITMENT 1IN

dRqEIN'NERVATED HUMAN HAND MUSCLES AFTER COMPLETE ULNAR AND

w MEDIAN NERVE SEVERANCE AND RESUTURE s
' !

-

It we want to tie a shoelace, write a letter, ear‘qr play

a mudical instrument, we are confronted with the_need to

control our hand muscles precisely. Our ability to co-
R A . P , S ¥
ordinate these and many other fine movements is qenerally

assumed to result from direct corticospinal connectlon§,%50
L - ies

the motoneurons 1nnervat1ng the hand muscles (Lawrence ané

: Kquers, 1965; Clough, Kernell .angd Ph1111ps 1968) .and from "

-+

an orderly recruitment of motoneurons from small " to large

*

within emch spinal motor pool (Henneman et al., 1965a;
‘Miln%r—Brown,et al., 1973b). - . .
One notable exception to -thié .recruiltment

ocourred after resuturé of a completely severed ulnar,h

i
"in the forearm. Normal motor unit tWItCh ampl;tudes were re-
establlshed but the threshdﬁd force for *ecru1tment of these

reinnervated motor uQ1t§ remarned abnqrmal. In add1t1on to a
K : ! '
3 r : ' g i . . .
disordered recruitment of motor units, these A1nd1vmddals
. . F=] T
showed poor motor‘co—ordination for fine movements (Milner-

Brown et éI.,- 1974) ~In these patieﬁts, the axons had been
‘severed - and so dzsconnected from K:3 pathway tb ‘their
peripheral ehd organs., ‘As’ the ulnar nerve contains axons

which"innervate several intrins;qvﬂ‘hd mUSCIes; many muscles
I ( E - ' - ' ' )

were denervated. During regeneration, the axons had to grow:

o
i ’ L

Sy S ‘

-
»

-
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across the suture line and along the endoneural tubes to

innervate the -denervated mﬁécle fibers in the periphery
(Sunderland, 1978). These axons had opportunities to.
reinnervate their originél or foreign muscles., Therefore,
'the disordered recruitment of reinnervated motor units could
have ‘resuited from misdirection of motor .axons to " foreign
muscles with different funcgibns"and/or from changes in the
activity gf‘the motoneurons.

. Studies on animals' have showa\that severed motor axons do
not reinnervate their 'original muscles specifically
(Gilléspie et al., 1986). Motor axondi also feiﬁnervate
muscle fibers irrespective of their original type. This is
reflected by the altered_distributio&’of the muscle fibers
of .reinnervated muscle units. They tend to be grouped
togéther, rather that scatteréd throughoﬁt the 6uscle'in fhe
normal mosaikc pattern (Duonitz, 1967; Kérpati and Engel,
1988). As most animal muécles are -hegéfogeneous (Ariano;
Armstfong “and Edgerton, 1973), 'these newly ermedimeSClé
uﬁits must contain fibers with‘,different ‘histoéhemical
composition aﬁz contractile _properties. . However,
reinﬁervatednmotdr”unitgibecome like.hormal.moto:~unit$hwith
time, in vqhat ‘tﬁe;f, mUScig' fiberév show ?homogeneoqs
histochemical ;éompésitidﬁ ?ahd‘-lcongractilé properties

' '(Kpgelbefg,A'Edstrgm‘éhg\ABbrgize, 1970). These changes must

B have invqlved'transfofmétién'gf'ﬁany muséle fiberé. |

rsimilatly, :égenerating'hbman motof}axéns'are bniikely.to
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. -
-

grow along their qriginal éndoneural tubes, although the
pagtern' of motor innervatiyn in rginnervatga human .muscles
has not been demonstrated. 1If reinnervatién is specific, a
change in the activity of the motoneurons\;ouid alter thé,
threshold forces for voluntary recruitment of the motor
“units and thereby produce disorderly recruitment within the
reinnervated muscles. ® Alternatively, - non-specific
reﬁnnervation of muscles could,producexdisorderlg motor unit
recruitment because of misdirection of,motor' axons from
different motor pools. Even though orderly relationships
between motor unit properties may be re—established‘in motor
units appropriately reinnervated by their original motor
axons; these.relatiépShips,may be obscured by the data from
misdi;ected motor units. .

Thus, the purpose of the present study was to determine

-
-

the pattern of innervation‘'and recruitment of motor units in
reinnervated human hand muscles after complete severance and

resuture of the ulnar and median nerve at different levels.

-
-

) . ) ‘ '// . - . J
. 4.1 METHODS ‘ S /

4.1.1 Climical assessments P2

_“Clihical assgssments-andlexpériments wére,all compiépéd
with the informed cbnSent of the patients.; All‘patiehts (2
Ny fémaie, 11:m$1e;, 16f59 yéars)‘ﬁaé.aécidentally;sebgred the
5ulﬁar (6 patiehts) or.median'(7‘bétients) nerve‘in ihefbast 
5 Yeafs, Surqical reports confirmed‘that the nerves had béen

" completely Seclionea ‘and_surgically repaired. All nerve
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. . l B
sections were at wrist level except for two > above-elbow
’ “

median nerve sections.

~

"The injured nerve and that of the con%iz} erve in the
other arm we?e each electricélly stimula}éd‘a, ‘\Tfygls to
‘measure axonal ’conduction velocity.. 'Agigipqla:‘, needle.
electréde was inserted"percuténeoﬁsly into ohé or two
reinnervated muscles in turn. The interference pattern ;as
éxamined for the presence or absencg\ 6f normal ’and
polyphasic motor unit potenials. Muscle bulk and“_ﬁtrength,

together with general motor and sensory function were

at

assessed clinically. ’
. /
4.1.2 Recruitment of reinnervaied motor units
- Spike Ntriggered ave;aging was useéltovrecord the twitéh
tensjon, contraction time, unrecgified and reciifed EMG of
the ; rginnervated motor units in,'felation to their.
.récrﬁitmenaiiiiishqld, as described egfliér (see Chapter_z).
However, in these experiments, _motor unit potedtials vere
fécdrded with a Disa bipolér needié electrode ‘inserted
peréutaneéuSly into the FDI or abductor digiti minimi (ADM)
muscle of the ”uinarﬁerve patienﬁs:ahd.éntpl'thé APB or
6pponens 'pollicis (op) muscie of mﬁﬁia‘ ‘nerve pétients
A(Figuré; 4.1), Surface EMG activity was‘re'ordedtlwith - two
 éeckmaﬁ“surface electfbdés positiéned on the belly of the
:‘respéctiVE?mu5c1és. o ;v | v '  - | |
To méasuré %hé force off;bluhtary muscle éontfactiog from
the ébikand,AﬁM mgsélés'of ﬁina; neth‘ patiéntg(yia fqrcg“

P SR , R

\
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ADM torce

wrist and

;

Figure 4.1. Schematic dxagram of the path of the ulnar and
median nerves below the elbow joint. 'As each nerve travels
down the forearm and into the hand, it innervates muscles
~with separate motor pools and d1f£erent functions. The
recordxng set .up.is only illustrated for the: ADM. muscle.
However, EMG from single motor units was recorded with
bipolar needle electrodes from the FDI or the ADM muscle
after ulnar .nerve section and the APB or OP muscle after
median nerve section. SHdrface EMG was recorded -from . two
electrodes: p051txoned ‘on the  belly ‘of the rgspectzve
muscles, Force was recor&éd from the dszeregt ‘muscles at
~the posxtlons illustrated by the solid bars although only
one or two transducers were used for. each patient. ‘The FDI,
ADM, AP and other .interossei and lumbrical muscles were all:
contracted in turn to determine the original motor pool ‘of
ulnar-rginnervated motor units whereas the APB, PT and
wrist and  finger flexors were activated for motor pool .
xdentxtxcatxon of medxan rexnnervated motor unxts.

£ . N . kX
. . . . B -
. C . .- o

RN
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transducer (Grass FT-03) was positioned against the proximal
interphalangeal joint of the index and 1little firfger
respectively. For the median nerQe patie;ts,;ﬂtwé strain.
gauges mounted at right angles (for details, see Chapter 2)
vere pos1t10ned agaanst the anterior and medial aspects of

the thumb 1nterphalangeal jo1nt to record force- from the APB

and op muscles respectively. ' e
v r ' : :

4.1;3 Identification of the original }siﬁale‘ motor unit
spinal pool S

After averaging the reinnervated motot unit parameters,

the patient attempted to activate the same motor unit by".

R

voluntarily contractzng d1fferent ulnar 1nnervated musclec

in ulnar nerve sections (FDI, ADM, adductor pollzczs (AP)
—_

‘other Ainterossei and lumbricals) or d;fferent *med1an-

, . ) : . ,
innervated muscles in median nerve sections (APB, OP, wrist

and finger flexors,<pronator teres (PT)° Flgure 4.1),
Norhally 1nnervated motor units were act1vated only hby .

eentractién of the;muscle’belng recorded f;om,1 Re1nnet9ated

motor units that showed the same behavior ﬁe:e considered‘to

be appropriately innervated by Qﬁoter .axons _f;om'"their

original motor pool. Those reinnervated motor units that

could also be activated by'the céntraction of-otﬁet“ulnarf
or medlan 1nnervated muscles after the réspeétive 'nerve_
*

‘sectrons,' were cons1dered to be reznnervated by motor axonsf

from. forelgn motor pools.‘ The or191na1 motor pool for these‘

motor units wase'determ1ned objectxvely ftom the muscle_'
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in the muscle. The mechan1ca1 propert

r | ' . 82

“action which resulted in the recruitment of the notor. unit

in the recording muscle -at the\lowest level'of forcé' and
r.
rectified EMG. The patients conflrmed %ubject1vely that the

motor unit was act1vat€d w1th the least. Ieffort by the

(N

contraction of that mé;cle.

I ]

Errors in this techn1que could arise when the respect1ve

muscles have closely synerglst1c functxons. For example, in

the APB muscle, motor units can be act1vated by abductlon or
opposition contractions of the thumb (see Chapter 2).

Following median .nerve sections, these motor units were

'1dent1f1ed ‘only as belng of thenar muscle orlgln. Their

1

actions could be separated clearly from those- of- the

h

pronators and wrist and f1nger flexor& S1m1lar1y, the ulnarf

‘ 1nneryated .FDI and AP muscles can act as synerglsts.
”ﬁoﬁever,u as FDI .motor units do not co~operate in adduction

fef the tqumb without flex1on of the 1ndex fxnger (see

Chapter‘f) motor unxts could be 1dent1f1ed 1n "these muscles
-!‘F_:% _ -

" by d1fferent muscle actlowa.,

- 4.1.4 Procedure

Iﬁcv turn, d1f£erent . motdr unit? potentiaIS’ were

’dxscr1m1nated by hav1ng the subject exert var1ous ‘levels of

».voluntary force and/or by reposzt1on1ng the needle electrode-

3‘5 of'each motor un1t

o .

’were averaged and the motor un1t pool 1_ent1f1ed as outl1ned

'above. Onev ﬁg three record:ng se351ons of 1 2 bours were’

comple?éd for each patlent on dxfferent day7 ",f

Se E i B
y

o § . L . . e . - . . -
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4.1.5 Analysis

?

" From the data from each patient, graphs of the twitch

F

tension amplitude, contraction t1me andl recruitment
threshold were plotted on logarithmic coordinates. Data were

also pooled and plotted similarly for ulnar nerve and median -

~

; derve.sections, 'Regression lines were fitted according to a
least mean sguares criterion (Sokolinoff and Redheffer,

1958) These data were'compared to those obtained from

<>

;subjects w1th normally 1nnervated hand muscles.
: The numbers of motor units from the d1fferent ldentified

sp1nal; motor pools 1n the re1nnervated muscles were pooled. -
: o
separately for. all ulnar“and above elbow medlan nerve

sect1on patlents. A’calculation was made of the contrlbutlon

(%) of each muscle to the newly formed spxnel motor'-pools
v R o | .
after these different nerve sections.. o

t

4.2 RESULTS . __ y | _‘
B ff\\\\\\f/’ o o ﬁf
'v4.2.1 Cliﬁicalfassessmehts . | ‘ | o
~ Thel' 1n3ured ‘nerves typically 'had \lower cohductfon
‘DZVelocities than those recorded from the control her&es .in
) the; contralateral ‘arm. The evoked compound muscle action
. potent1als were smaller xnramplltude and more d1speysed than

'noiﬁﬁl' '

:1ncreasen ~F

Iﬁi‘the re1nnervated muscles, there was generally

G actzvxty'w1th needle insert1on and a reduced
,1nterfer:nce pattern composed of both normal,and polyphasxc

rf Nuscle st"ngth”Jand bulk ‘were

P,
s
4
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sometimes less than normal. Most pat1ents had difficulty in
isolating finger moveuents and descrlbed_changes in thezr(
ability to complete fine motor 5kills such as fastening’
buttons and picking up small objects. Usually, tolerance to
cold was reduced and tactile sensation was impaired.

In all patients, the motor and sensory deficits were
specifically confined .to the typicai djatributiOh' of the
nerve that had been iajured. “This éuggeéted*that there were
}no 'Variations from ‘the normal innervation ' of individual
muscles although this does occur occasionally (Sunderland,

1978).

{.2.2 Innervation of reinnervated muscles

xThe”"ﬂDM,_ FDI and APB muscles were reinnervated

. ®

appropriately by some wofytheir original motor axons “and-
inappropriately 'by motor axonﬁ. thatb had 'prGQiously
‘Kinnervated different muscles with; QifferehtV 'fuuctiODSr
;¢Typical examples of the EMG patterns of rexnnervated motor
i{un1ts are 111ustrated in F1gure 4,2 for the" ADM muscle. ‘The
second trace in F1gure 4.2A shows that surface EMG act1v1ty
vwai)always recorded in the ADM muscle when the ADM,, FDI »or‘
ji AP muscbeéjbere act1vated. As normal SUbjeCtS can activate
.the Aey muscle 1ndependent1y of FDI or AP, .this ‘suggests
phat many motor axons had been m1sd1rected from other ulnar
 iunervated muscles to thevADM muscle. Figure 4.2A° also showsA
: an example of the typ1ca1 EMG pattern ofva normally dlrected
, mptor Uﬂlt. ~The motor unit £1red durlng | contractlon;”

¥
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o A).Norr\ally directed motor unit
Unit '

impulse . ‘ _ R
S rate M ' [10 imp./sec

ADM
surfage Vb gy
EMG . :
Activate ADM . . FDI . AP
B) Misdirected motor unit
_Unit ' '
" impulse
rate . 'HA
| o 5 sec ,
ADM ‘
surface

EMG

S N . -
‘Figure 4.2. Unit 1mpulse rate and rectified surface EMG
.activity of a normally directed (A) and mxsdzrec&ed (B)
motor unit’ recorded in a reinnervated ADM muscle. EMG
activity was recorded from the ADM muscle durlng contraction
of either the ADM, FDI or AP muscles suggesting misdirection
of many motor axons to that muscle. A normally. directed unit
(A) was activated only by the contraction of the ADM muscle.
The motor axon had therefore approprxately reinnervated its
original rmuscle. The misdirected motor unit (B), was
activated most easily ‘and at the lowest. ~level of ADM

‘rectified EMG by contraction of the FDI muscle so presumably
belonged to the orxglnal FDI motor pool ‘

e
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N
2//§?e ADM muscle but was silent during contraction of other'”

ulnar relnnenyated muscles such as the FDI or AP. The motor
axon had therefore appropriately rexnnervated ‘its original
muscle. In comparison, misdirected mqtor°axopé from foreién
motor pools-formed“motor units which could be activated by
voluntary ‘contraction -of other muscles innervated by the
same nerve (Figure 4.2B). This motor unit was rec:uited at
the lowest ievel'bf ADM rectified EMG by contractiohﬁpﬁ_‘the
FDI muscle. Higher levels of ADM rectified EMG had'té bé
.reached before the motor unit was recruited by the action of
that muscle or the AP muscle. Therefofe, the motor unit was
presumably in the spinal motor pool of tﬁe FDI muscle prior
to the nerve section, but grew back to reinnervate myscle
fibers in ADM,

Table 4.1 shows tﬁé o;{gin of the motor axons in the
reinnervated muscles after ulpar and abo&e-elbow median
—ne:vg' section- and resuture. Aiter compiete ‘ul'nar’ nerve
section at wrist level only 34% of the motor axons
re1nnetvat1ng the ADM muscle were from its or1g1na1 motor
pool. The ‘remaining motor axons had bgen misdirected from.
the original FDI (31%), AP (18%) and other 1nterosse1 agg
lumbg{cals (17%) motor pools.,.S1m11arly, 39% of the motor
. aXQnsuvreinnervatinés the FDI muscle’wefé.from the orxg1na{ 
FDI motor pool whereas 11 22 and 28% were from the ADM, AP_'
and other 1nterosse1 and 1umbr1cal motor pools respect1vely.
After med:an nerva sect1on above the elbow, 48% ,of thé

~:téinnervated APB ‘musc}e motor pool was formed by original’



Table 4.1 Origin of motor axons in reinnervated muscles

o

after complete ulnar or median nerve section and resuture.

A) Ulnar nerve sections at wrist level

‘Muscle Motor units activated most easily by contraction of:

FDI ADM - ' AP . Others Total

ADM 15 (31%) 16 (34%) 9 (18%) 8 (17%) 48
FDI 22 (39%) 6 (11%) 12 (22%) 16 (28%) * 56
Total 37 (36%) 22 (21%) 21 (20%) 24 (23%) 104

B) Median nerve sections above the elbow

Muscle Motor units activated most easily by contraction of:

..

Thenar PT Flexors Others Total

" APB 20 (48%) 2 ( 5%) 14 (33%) 6 (14%) 42

¢

”Thg numbers represent data from 6 ulnar and 2 “above-elbow

median nerve section patients.: 1N
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. thenar .(APB, OP, flexor pollicis brevis) motor axons. Five,
33 and 14% of the motor axons were from the PT, vrist- and
finger flexor or other motor pools respectively. Thus, these |
data c¢learly show that misdirection of motor axons occurs
dufing reinnervation. .However, this may not be an entirely
random process because in both the FDI and ADM muscles,
i'ifﬁeré 'was some tendency to record from a higher percentage
of normally directed ﬁotOr units than motor units from any
one foreign motor pool. | .

4.2.3 Ssize relationships in reinnervated muscles

Figure' 4.3 shows a typical example of the significant
positive correlation fbund between the size of the motor
unit (twitch amplitude) and the voluntary force at which the
motor wunit fired repetitively in a normallf ipnervaﬁed FDI
muscle (Figure 4.3A). Following ulnar nerve section at wrist
level, thé range of feinnervated motor unit twitch tensions
and recruithent thresholds was comparable to nofmal vélués.
However, the co;relatién between these two variagles was_noéi

significant ' in an individual reinnervated muscle (Figure

* T Lo e
: S I'4 3 . S SIS R .
4.3B) or whey data were po&led from g-su:w:r:al reinnervated.

mggéles (Fiqure 4.3C). F9r norma%Ly‘dirécted motor units (M)

in the FDI muscle, these:céftelafions were positive but only

Signifiébnt in one muscle s;ﬁdiedgrynata"*recorded from
‘“neinnervated ADM muscles showed similaf trends; u "

‘ .fn d'normaliy inhervated APB musclé, significant positive

correlations were also found between twitch - tension

, . ] .
. o . : -
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A) Normal FDI muscle

8) Reinnervated FDI muscle .
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~ C) Reinnervated FDI muscles
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-~ Recru'Unentthresho!d (N)

CE= N -

‘FiQﬁref4.3 Motor unit ' thtch amplxtude plotted agaxnst the

threshold force of recruitment in a normally innervated FDI

" muscle, (A), .one.(B) and four (C) reinnervated FDI muscles
after 'ulnar nerve section and. resuture at wrist level.
Different symbpls represent normally. directed (®). and
misdirected Qg)'motor units in all graphs. Regression lines

mxnimxzxng the )deviations.in the x and y -ditections are
.drawn in these and .subsequent figures only when the

" .relationships vere smgnxfxcantiy dxfferent t:om zero at. the
,-5% level of confidence. ‘ U -

L . , »

L
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amplitude -and recruitment threshold (Figure 4.4A). After
median nerve ‘eection and resuture at the elbow, these
relationships were not re-established in a reinnervated
muscle (Figure 4.4C) or when the data from two muscles were
pooled (Figure 4.4E),.In normally directed APB motor wunits
(m), thése'relationsmios were positive but not significant.

. - N ' .
In compar153p, whén. the median nerve was sectioned and

U’.

resutureda at wrist level, the muscles were reinnervated by

motor Exopsv from motor pools with cloSEly synergistic

s

actions. Orderly relationships between recruitment threshold
and twitch amplitude were re-established in a reinnervated
muscle (Fiqure 4.4B) or when data from several reinnervated

muscles were pooled (Figure 4.4D).

Figure 4.5 showg>that there were significant negative

correlations between motor‘unit contraction time and twitch
amplxtude in normally JnnerVated FDI and APB muscles (Figure

14

4.5A, 4.5B).. Follow1ng ulnar or med1an nerve sectlon and

reSuture; these correlatrons..were-weak (F1gure 4.5C) or-

?

.absent (F1gure 4. SD) i relﬁnervated muscles.f The rdnge of

St]

. y .
: contractzon elmes recordedu in rexnnervated .muscles was

p ..

\ 51m11ar to those recorded 1n the respectlve normal muscles.

However; ein all re1nnervated muscles, the mean motor unit
. . 5 [ A B ) '
. S . ‘

’contractxon t1me was faster than normals but the differences

'were . not= stailstlcally §19n1f1caﬁt\ /.Aé""the ' patients

: ' someyfmes found 1t d1ff1cult to actlvate a s1ngle motor un1t

..

low steady‘frequency, the errat1c‘d1scharge patternj

have resulted~-1n. an»gnderest1m§tlon'ofnsome of the

s e o B PR -
& R o : o ! L s
~ . . . . ° G N * [
B L - G < N :
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Figure . 4.4. Mot-or unit tw1tch amplitude versus recruitment
threshold 'in a normally innervated APB muscle (A). Data are
plotted from one (B, C) and several (D, E) remnervated APB
muscles after medmn nerve section at the wrist and above
the ; elbow respectively. -Normally directed motor units (®)
are represented by a different symbol to reinneryated motor

‘units’ with. motor axons of undetermined ongxn (A) and

mxsdxrected remnervated motor units (O)

RY
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A) Normal FDI muscle B) Normal APB muscle
'IOOL
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0 C) Reinnervated FDI muscles D) Reinnervated APB muscles
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Figure. 4.5. Motor wunit contraction time plotted as a
fungtion of ‘twitch amplitude in a normally innervated FDI
(A) - .and APB-(C) muscle. Data are;plotted for reinnervated
.FDI (B) and APB (D) muscles aftet ulnar and above elbow-
median nerve severance and repair respectively. '
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motor unit rise times. ' \
. \\
y
4.3 DISCUSSION - - ' \
After complete ulnar or median nerve severance ?d
resuture in humans, regenerating motor axons were shodp

here, either to reinnervate their original muscles or to b

misdirec§ed to  foreign muscles. Only when motor axons
reinnervate muscles with <lousely synergistic fun&tions.
(median nerve at wrist), the orderly size relationships
between motor unit properties are re-established (Figure
4.4B, 4.4D). s

4.3.1 Innervation of reinnervated muscles

' i The poor motor co-ordination for fine movements observed
"\ically after periphéral nerve section and repair and the
. . Mass movements of facial muscles after fécia% nerve inju}y
have sometimes been aésumed to result from m{sdirection of
A';égenerating motor axons (Esslen, 1960; Fdfd énd wOodhall;‘
1938; Freuh} 1983: Kimura et al., 1983): In.thé present
gstudy, 'thisf assumptipn: was substantiated for peripheral
nerve sections by identifying the Originai spinal motor pool
" of reihhérvated ﬁotér units f6116§1n§ ulnar and median nerve
section, 1In théAreinnervated FDI, ADM and A?Bfmusdles,,two
| patterns of motor unit activity were recorded. 'Somé> motbr
units could be activateq only by the action of the muscle in
which fhey were recorded éo. they .functioned normally.
| Presumably, the  motor axons of these motér i units

reinnervated their original muscle. Other motor units could:

? .
. 4
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be activated best by contracting muscles innervated by the
saée/nerve. These motor units were presumably formed byfthé
motor axons being misdirected to reinnervate a foreign
muscle. It was .not tested to see if one axon innervated
several muscles, but this is unlikely since axon sprouting
usually occurs over very short‘distances (Slack and Pockett,
1981). Similarly, the location of the cell body .in the
spinal cord wéé‘presumably unaltered. Fogllowing peripherél
nerve -section and resuture in animals, the location Af the
cell bodies remain intact and the motor axons exit fgom the 
A&
appropriate ventral roots (Brushank and Mesulam, 1980).
Alterpnative explanations could be offered for the
abnormal motér unit activity ob;erQed'here. These include:
a) ephaptic transmission b) alteragions in the  synap;ic
cbnqectioné in higher Brain centers c¢) motor axons splitting
to innervate different‘musdles. Impulsgf can be generated

*

ectopically in chronicélly‘injured nerve fibers and possibly

k:lffﬁom hyperexcitability of the,membfané (Rasminsky, 1983).

.Althouéhﬁ this process may contribite to the motor . unit
actjfity :ecorded‘heré,'it seems‘unlikely that the impedance
_matching between the axons would be cohsistently‘apprép;iate
* to evoke tranSﬁiésion from local éurrénts. :

‘Monkeys (Brinkman,~Porter‘énd Norman, 1983f ahd cats have -
been obsétvedl to perform well co—ordiﬁétéd’¥goal?directed
movements after cross-unién of 1ar§e commqg;nefves in thé

férearm. With deliberate crOQSfunion;vshch re-education may
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: ‘ S - &
result from compensation by the action' of synergistic

muscles. In caté, the ability to perform vcoiqrdinated
voluntary movements méy‘ also result from sprouting of
coft}corubral neurons onto the proxim?i pprtion of the red
nucléus (Tsukahara, Fujito, Oda andﬁhéééa,THQBZY. However in
man, the red nucleus and the rubrospinal f;écf'is less vell}
) developéd (Carpenter; 1981).. If synaptic afteratidns inL
these or other higher ceénters such as the corticospinalj
tract did occur in man after complete neﬁvél séCtion and,
repair, they do not appear to result in well co-ordinated
.

finger movements. ‘The patients‘in the brgsent study reporteq
difficulties in controlling their hang Quscies during same
functional tasks. “

Examples | of axon splitting have been reported 1in the
| ’ -

extraocular

and lumbrical musclés of the cat -(Crandall,)
Goldberg, ilson a@d McClung, 1981; Emongt-Dénand, LaPorte -
and Proské, 1971). This phenomenon is Tareviﬁ human nerve
reéenerati n. In some patients ;ho have sectionéd the ulnar
(2/18, 11/ %) ‘or facial (1/50, 4 %) nerve, synchkonous
activity /of some motor units was observed in' different
musciés reinnerQated ‘by the same .nerveyi(Essie;, 1960) .
,Aéynchr nous motor unif discharges;yére much more common in
~all mu cles examinéd, ,implying siméle misairection'of 'thg
gion t 'a‘foﬁeign mﬁscle,'as is p;oposédvhere.  _
‘Erom fh@' present ;datag/ ;eiﬁné;vhtion of human‘vh#nd

muscles is clearly not specific. Similar findings have. been -

,rgported in rat muscles when méidtfagons were provided with
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\

a choice oé muscles to reinnervate (Gillespie et al., 1986).
Howeve%, as more nofmally direc;ed motor units than
misdi?ected motor units from an& one foreién_ pool were
recorded in the ADM and FDI ﬁusélés after ulnar nerve
section, this would suggest that reinnervation is not an
entirely random proceés eithef."The ADM or FDI muscle can be
activéted by‘different actions'to that of the AP muscle so
units ctivated by these muscle actions are unlikely to be
mistaken\with other motor pools. Alternatively, the tendency
gor mor normally directed motor units to be recorded in
these muscles ;ﬁy'rgsult from the careful rematching and
resuture of the severéd fascicles during surgery. This may
provide thevregenerétihg axons with a better-opportunity to
regrow along their Qrigihal endoneﬁral tubes. Similarly; if
the~ nerve section is quite close to the point of entry of
~the individual nerves into the muscles, there will be fewer
branch points at which axons could be ﬁiSdirected.‘ The
actual rag?o\}ess of thé reinnefvati;n observed here could
be subétaﬁtiated’by anatpmical informationnon the numbe}s of
motor axons in the ulnar nerve at the wrist and the

respective. muscle nerves, but this information 1is. not

currently‘avaiiable to our knowledge.

5
2

¢.3.2 Size relationships in reinnervated muscles.
Following glqarjand above-elbow median nerve section and

resuture, the rggenerating axgns came from spinal:pools with

different functions. In the reinnervated FDI, ADM and APB

\

5
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muscles, motor unit recruitment was disorderly. The ulnar
nerve data confirm the previous findings of Milneg:?town et
al., (1974). PFurthermore, the data show that the lack of

orderly motor unit recruitment by size after these complete
5 :

&

nerve ““sections, results from misdirection of motor axons

o

from fpreign motor pools.
In contrast, after median nerve section-and resuturé*.éfﬂ
the wrigt; motor axons from synergis::;; motor “bpol§:§
reinnervated the denervated muscle f}bers. Despite presumed
misdi}ectiop‘ﬂbf motor axons from foreign motor pools,
orderly size relationships between motor unit properties
were found in the APB muscles. Thus, orderly motor unit
recruitment can be re-established after complete 'n;rve
section and resuture in humans, if the reinnervated muscles
ﬁ?ve closely synergistic functions. One factor favouriné
recovery after this injury may be the proximity of ;he
%?ction to ihe dgnetQated muscle‘fibetsw' Near the level.';t-

wvhich a muscle nerve leaves the .main . nerve trunk to

innervate a muscle, the:fibers‘of that individual nerve are

'sharply localized (Sunderlahd;f 1978). With good fascicular

repair after a clean cgt, misdirection of‘ axons - may be

'~

The relationships found between recruitment threshold and

twitch amplitude in normally di:ected.motOt units did show

-some  tendency for normal reorganization and orderly

N . “ ‘A . ‘ . . . ‘..
recruitment. However, even ‘though the 'size relationships for

.
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one muscle or one motor pool may .be restored,'these original
pooﬂs were dispersed between different muscles after
reinnervation because-of misdirection of fegenerating ‘motor
axons. Thus, recruitment in any one muscle would depend on
the recruitment of motor unit:?%rom severalu pools wiFhA
different functions. This was reflected by the difficulties
the patients had in isolating individual finger movements.
Typically, all muscles innervated gy the same nerve would
contract to some extent. These inappropriate movements may
result from orderly recruitment of motor wunits by size
within the original motor pools. | ‘

. Data from animal stuaies support the proposal that
misdirection of motor axons rather than a change in the:
activity of the motoneurons may explain disorderly motor
unit reéruipment -and poor musclehcontrol aftér gomplete
nerve . section and repair in humans. Full, reééveny of
motoneuron properties and synaptic chtacté onto axotomized -
motoneurons occurs following muscle re@nner?ation (Sumner
and Sutheriand,'-1973). Whef motoneurons geinnervate "their

" former .mpsclqs, the physio;ogical relationships between

3 . v .

nerve and muscle properties also returned to normal. Thus,
the tension and”COntragtilé}speed,of thé ﬁuscle,units were
directly -related to the amplitude of the“extfacéllularly"
récdrded actiqn potential as found in _normally innervated
musclés (Gordon and Stein, 1982), Self—reinnervatgd muscles
function apprbpriatély vduring lécomotion; In ‘comparison,

cross-reinnervated cat muscles typically fired according to

’
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the pattern expected of the innervating motoé pool during
locomotion (Luff and Webb, 1985; O'Donovan, Pinter, Dum and
Burkg, 1985; see Chapter 5). Therefore, these data wouldéﬁ%
tend to.suggest'that motor units are recruited at a 1§§e1 of
force that is appropriate within their original moto?' pool
as 1s pfoposed here. | _~

The impafred sensory function of the patients 1in the

present study probably results from aberrant sensory
& o -
' e

o En . ) .
Ly axons reinnervate their

reinnervation. Even though seﬁ
end organs specifically; cheyuz?e unlikely to reinnervate
1their‘origjna1 mechanoceptor. Misquided afferent fibers have
been proposed to éﬁp%ain the perceptual mislocations{ of

tactile stimuli folioﬁihg ulnar and median nerve section in

humansﬂ ﬁéiiiﬁ, Wiesenfeld and Lindblom, 1981; Mackel,

. Kunescg, Waldhor and Struppler, 1983) and the abnormal
response éharacteristics'Of muscle afferenfs ‘after cross-
‘ Qreinnervation, of the cat soleus muscle (Gregory, Luffb ang
Proske,‘ 1982)..f§hus, even tﬁough the afferent .reponds to
‘an appfopriate ;mechanocepto;, the }lpcalization ‘of the
sensory stimﬁlus may be interpreted incorrectly. This
mismatching of sensdry connections‘may be distorted fufther
by misdirection of the motor axons to foreign muscles.
In conclusion, after complete ulnar or median nerve
‘'section and resuture in hUmans,'}the reinnervation of hand,
',huséles>'was> showh to be abnormal physiologically. Motor

.2 " ; . L. : . R
axons reinnervated their original or foreign muscles. Even
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2

o
so, the reinnervated muscles served some wuseful function

during power or gripping movements. Finely co-ordinated’

[

movement sequences were impaired, in part due to
misdirection of motor axons and in part to impairedipactile
sensation. Thus, the data in this study not only e;phasise
the need for largely preserving the pattern of nerve and
muscle connections for size ordered motor unit recruitment

but also show the importance of this pattern of recruitment

for control of fine movements,

r



CHAPFER 5

INNERVATION AND FUNCTION OF CAT HINDLIMB MUSCL@S AFTER
. Is) - —

CROSS-UNION OF THE TIBIAL AND PERONEAL NERVES

In humans, complete section of large nérves such as the
ulnar or " median involves the denervation of many muscles
from different motor pools. During regeneration, some motor
axons are misdirected to foreign muscles. This situation
represents an extreme test of the rematching of nerve and
muscle properties during reinnervation for the restoration
of muscle function. 1In cats, a similar extreme test of the
peripheral reorganization of nerve and muscle properties
after reinnervation would follow cross-union of large common
nerves. ‘Thege nerves contain many axons from several motor
pools so the denervated muscle fibers would become
reinnervated by motoneurons. which . typically support
different muscle functions. Unless there could be some
rematching ‘of central neural ac;jvity to peripherga nerve
and muscle propertieS} “ the réiﬁﬁﬁéyated muscle would
function inappropriately and genefat% the éctivity patterq
appropriaté'to the innervating nerve.

Earlier | studies have assessed hpw.cross—reinnervation of.
muscles influences their ﬁuﬁ}bﬁoh; When the nerve to a
ﬁiexor and extensor muscle in thengrelimb or hindlfﬁb of

v R .
the rat was cross-dnited,_}there was full reversal of flexor
and extensor movements of the elbow and anqu\ jointé,
respectively. These functional reversals were dbﬁefved to

+

L
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persist with 1little compensation in stereotyped movemernts
like locomotion (Sperr;,\ 1941; 1942). However, no EMG
activity was recorded during movement to support the
behavioral observations and fhe completeness of the nerve
cross was not assessed. o
Studies 1involving cross-reinnervation of two ‘forelimb
muscles of rats (Cohen, 1978), two hindlimb muscles of catsﬁb
(Luff and .Webb, 1985) or numérous muscles in the monkey
forearm (Tsukahara et al., 1982) have avoided‘ these
fproblems. In fhese studies, the cross-reiﬁnervated muscles
were primarily activated according to the innervatiag nerve.
Yet, some modification to the walking pattern was proposed
to have occurred, although interpretation -of data was
complicated by impure crosses. 1In cdntrastf\\pu;é Cross-
reinnervation pf cat soleus and FDL muscles prod&gedymusclg
activation patterﬁs during locomotion which were alwa;s
consistent with those expected for the innervating motor-
pool rather than the innervated muscle (O'Donovan et al.,
1985). - '
In gdal-directed merments, both monkeys and cats weré
able to co-ordinate t¥ir movements accurately despite their
c;osSed forelimb nerves (Brinkman et al., 1983; Spgrry, 
j947; Tsukahara et al., 1982). ip mbnkeys, EMG activity was
.th"recorded 'to suppdrt these observations of appropriate

muscle function. The ability of cats to perform co-ordinated

voluntary movements may result from. . sprouting of
2

v
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'corticorubral’ neurons onto the. proximal portioh of red
nuélé@g neurons (Tsukahara et al., 1982).

The purpose of the presemt study was to investigate how
the cross~union of large nerve trunks affects muscle
function during locemotion. The common flexor and extensor
nerves which supply the distal hindlimb were cross-united in
young cats. Therefore, motoneurons from many different motor

_pools were deliberately misdirected to  muscles with

antagonistic functions. It was considered that cross-

4
~&r

reinnervating all major flexor and exténsgr muéc1e§ of the
digtal hindlimb might provide a more potent _stimu;us for
central éﬁ?ptation than crossing single musclé nerves. Also:
young ca{; 2-6 months of age might have greater ﬁ;asiicity
than adult cats. The function of the créss-reinnervated
muscles was examined during loéomotio;. The 'alpgrnating
swing and stance phases of locomotion résﬁ%t from spinallyf
- generated patterns of aétivity in the nerves to the flexor
and extensor muscles of the limbs (Shik and Orlovsky, 1976;
Grillnef, 1981)? During one step cycle, the exténsor muscles
typically fire when pheAlimb is on the ground (sfance). The
flexor muscles 'show a double burst pattern with Oné' short

burst when the limb is off the ground (swing) and ”anq;her

during the stance phase (Grillner, 1975).

DR

5.1 METHODS
The seven 2-6 month old cats used in this study- wvere

- given injections 6f'pénici11in«oﬁé day prior and %mmediatély
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aftésgburgery During surgery, the animals were anesthetized

with sodium pentabarbztol and maintained on this anaesthetic
at a depth %hat wifhdrawal reflexes could?nog be elicited.
Under fully ,eseptic_cbndjtjons,, the tibial and peroneal

nerves to the left hfndliMb-were_exposed in the popliteal

14

J‘ N S F . . . . )
- fossa, cut 5—10 mm  below the sciatic. branth point and

surg1cally cross un1ted using Fine sutures (8- 0 511k)

-Normelly -the peroneal nerve 1nnervatesu§11 of the flexor}

muscles whlle ’thei't1b}al nerve 1nnervates all of t?e
extedsor. muscles ef_the distal hindlimb. 1In the Tpresent
study, the common peroneel (éP) nerve is used as an example
of a flexor nerye end the medial gastrocnemius (MG) and
lateral gastrocnemius—soleus (LGS) nerves as examples of

I - . . ' .
extensor nerves, Following cross—re1nnervi'ﬁQH, nerve
f

impulses. were recorded dlstal to the nerve suture: The nerve

'dlstal to the suture llne on the CP nerve is referred to as
the crossed CP nerve (and contains primarily extensor axons)
- while the nerves: d1sta1 to the suture 11ne on the MG and . LGS

- nerves are referred to as the crossed MG and crossed LGSi

nerves (and donta;n'pr1mar11y flexor axons; Figure 5.1).

5.1.1 Recording EMG activity during locomotion _

.o

',}Tﬁef anlmals were' trained to walk on a motor driven

R

treadmxll. An' approprlate - speed was determined for,Aeech

*anlmal dur1ng traznlng. At’re901a{ intervals 10-18 months

S s B -
g

;surgery,._EMG_act1vi£y wes recorded during lqcbmotion

usiﬁg 'stain;esg.steel, wire electrodes (9 strand, teflon -

i ' .
# X : . L
Do er . . .
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L6 Sciatic .

crossed CP

Q_Flexor muscle
group

LGS muscles

L7
St

crossed Tibial e

MG muscle

other extensor
muscles

Figure 5.1. The CP nerve normally innervates all of the
distal flexor muscles while the tibial nerve normally
innervates all of the distal extensor muscles .of the
hindlimb. Following a complete cross union, the innervation
of flexor and extensor muscles would be reversed. Compound
action potentials were recorded on the L6, L7 and S1 ventral
and |, dorsal roots in response to stlmulatxon of the normal
and crossed MG, LGS and CP nerves. At the time of recording,
the nerves to flexors and other.extensor muscles were .cut
(broken lines) to- m1n1m1ze EMG artifacts. T
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coated cables with a totél diameter of 0.2 mm; Bergen Wire
Rope Co., Bergen, N.J.)f The tips of the wires were bared of
insulation and bent back to form a hook then inserted into
the vastus lateralis (VL, knee extensor) and semitendinosus
(sT, kneé flexor) or lateral gastrocnemius., (LG, ankle
éxtensor)'and tibialis anterior (TA, ankle flexor) muscles
oé the normally innervated and reinnervated hindlimbs of
each cat. During the insertiqn of three électrodes per
muscle, the animals were maintained under a volatile
anaesthetic (Flurothane). The free ends of the three
electrodes were braided and led to .an amplifier by means of
wire spring connectors. Two of tﬁe three electrodes providgd
for bipolar -recording while the third served as an earth.
The long lengths of wire external to the muscle enabled the
wires to move freely with.the limbvmovements during each
step cycle while the electrodes remained inserted.within the
muscle because of the hooks at their ends.

The unrectified EMG activity was recorded on tape while
rectified and filtéred EMG (30 Hz Paynter filtef) was
monitored on' -an :osciiloscope, a pen recorder, .and
superimpbsed on a video image of the cat walking on the
treadmill at a comfortable speed. Thén, the’mdQemean.vgf
each hindlimb during'the step cycles were matched with the
corresponding EMG activity recorded on- tape by playing baék
" the signéls fecorded'on the video tape récorder.

"

_5;1.2, Acute experiments
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-
Acute experiments were completed 18-24 months -after the
initial surgery. In these, the success ef the motor and
sensory nerve crosses was determined by adapting the method
of charge distributions developed by Hoffer, SteinJ and
Gordon (1979). ?he peripheral organization of the «cross-
reinnervated motér units in the extensor muscles was also
studied (see Chapter 6). Under sodium pentabarbitei
anesthesia, a laminectomy was performed fram St to Lé. Abart
from the control and crossed MG, LGS and CP nerves, all
nerves to both hindlimbs were cut. The .intact nerves were
dissected free of other tissue over a dlstance of 10-15 mm
in the popliteal fossa. For the experiments described in
Chapter 6, the indi;idual tendons of the muscles being
recorded (MG or LG and soleus) were separated. Bipolar
electrodes were stitched to the fascias of these muscles to
record EMG activity. The cat was then placed in a
stereotaxic frame and fixed there by clamps on either side
of the head and at the hip, .knee‘and ankle joints. Each
control nerve was plaeed as far distally as possible on a
separate pair of electrodes for electrical st1mulat10n. The
1p51lateral L6, L7, .and S1 ventral and dorsal roots were cut
sequentially and close to their entry point into the spinal
cord. They were plaéed on an array of six ekectrodeé to
measure: ” ‘»
.é) the impedance of each root (with respect to the cut end
of the root) using a 10 kHz sinueoidal signal. |

b) the average of 20 compound action potential responsesft6
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supramaximal stimulation of the control MG, LGS and CP
ﬁerves (Figyres 5.2A).

Data were siﬁ}larly recorded from the experiméntal side
of the cross-reiﬁnervated cats (Fig. 5.2B) and from one‘side
of two control cats. B

To compare potentials with different time courses on
roots of different sizes, a computation was made of the
electrical charge contributed by each nerve to each root
(Hoffer et al., 1979). The area of the compound action
potential was computed by a method equivalent to integrating
the current over time. That is, the area in mV.ms was
divided,-by the4 impedance of the root in k to give thé
electrical charge generated by the control and crossed MG,
LGS, and CP nervés at the L6, L7, and S1 ventral and dorsal
roots in units of wA.ms = nC. This gives the charge (Q) as a
measure of the electrical contribution of a nerve to a root.
The charge from different rooté can be summed and compared.

Deterhinatioﬁ of suétess of nerve regeneration. 1f
reggneratiqn is unsubéessful, sensory fibers may at:ophy.:
Motor nerve fiber. diameters» atrophy initially and'then
-stabilize (Hoffer et al., 1375).._The voltaée (V) generated
at the dorsél'and venfral~spina1 roots‘by stimulating these
nerves will depend on the number of-, nerve’v fibers
céntributing;ﬁp the potentials, théfr:cross;sectionai'area,.’
the dispersion of the potentials and  the electrical

resistance (R) of the root. Thus, an indication of the

N
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A) Control B) Reinnervated
MG nerve
6 ' _
; 4 T A
g 0
- LGS nerve
s §f [
<
[+3)
o
a /\ R
g OA = A T 4
x CP nerve
< 6r _
A E— - /\ L
.. ) ' 8 0 . 8

Time (msec)

Figure 5,2. Examples of compound action potentials recorded
on. the S1 ventral root in response toqstimulation of the
control MG, LGS and CP nerves (A) and crossed MG, LGS and CP
nerves (/B) ' - '
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success of the nerve regeneration was obtained by comparing

/

, ‘ /
the difference in the total charge generated at the ventral

} ) . y
and dorsaliroots (L6, L7, S1) in response to supramaximal

electrlcal\ stxmulat1on of the control and crossed MG. LGS

and CP nerveéh A further 1nd1cat10n of the success of ‘nerve

‘s \

regeneration v}as obtained by measuring the tetanic tension

D%n‘ \ :

s

that could’ be developed in”the control MG, LG and//séleus
muscles, cémpared to/that deveiOped‘zﬁ' tie corré;ponding
reinnervated ﬁﬁscles. Whole muscle forces were recorded in
response to electrical stimulation of the apprppriate muscle
nerves. In turn, the tendon of each muscle was atfaghed to a
force transducer (Grass FT10). Isometric muscle .tﬁitches
were recorded at. different muscle lengths to find the length
at which maximal ténsion was produced. The tetanic response
of the muscle was measured at this length in responsé to 100
Hz stimulation at 2-3 times threshold.
Determination of the comﬁleteness of the nerve cross. The
» . .
shqgf\length of the nerves crossed jn the young cats made it
essential vto check vtge',compietenéss_ of the cross-
teinnervatioh. To détermine.the completeness of the nerve
cross, a comparison was made between how the charge‘
v .
"generated by the control and crossed MG, LGS and CP nerves
‘was distributed between the ventral and dorsal roots. A
large proportlon of the charge produced from st1mu1at10n of
‘the MG, LGS and CP nerves was generated at the L7 ventral

and dorsal roots. The remaining charge from these nerves was

-« predominantly generated at either the L6 or.the S1 ventral

GEA o



and dorsal roots. To determine whether this remaining charge
contfibution tended to be more lumbar or sacral, L7 was used
as a nfutral zéne and the fraction of the charge generated
at L6 iwas arbitrarily assigned a weighting of -1 and the
fraction of the charge generated at S1 a weighting of +1.
The weighted charge &ontributions to the L6 and S1 roots
were summed. The mean root entry of the nerve relative to L7
~could then be determined. Thué, a negative root entry value
indicated more charge generated at tﬁe L6 root than the SI
root while a positive root entry value indicated more charge
generated at the S1 root than thé L6 root.

The mean root entry values for control nerves were
compared to those aetermined for crossed nerves to establish
the completeness of the motor and sensory nerve crosses. To
‘determine how far a crossed extensor nerve (MG or LGS) had,
been reinnervated by a flexdr the following percentage was

calculated:

a) crossed MG or LGS completeness (%) = ------ x 100

where F .- E is the difference in mean root entry of control
flexor and extensor'nerveS'and Ec is the mean root entry for
the crossed extensor ﬁerve. I1f Ec = F, the computed value is
100%‘(cbmp1e£e cross), 'whereas if Ec = Evthe value is 0 (ho
cross). Similarly, for a crossed flexor nerve (CP)
reinnefyatéd by'an'extenSOr: |

b) crossed CP ctmpleteness (%) = =------ x 100

3



where Fc is the mean root entry of the crossed flexor nerve.

$.2 RESULTS ,

'Figure‘ 5.1 illustrafes the method used to measure  the
compound action potentials on the L6, L7, and S1 ventral and
dorsal roots following stimulation of the normal and crossed
MG, LGS and CP nerves. Shown in Figure 5.2 are typical
examples of the compound action potentials measuréd on the
control (A) and reinnervated (B) S1 ventral root of one cat.
Much larger potentials were generated on the control S1
ventral root by stimulation of the MG or LGS nerves than the
CP nerve. Following reinnervation the situation tended to be
reversed with larger potentials on the S1 ventral root from
stimulation of the crossed CP nerve than the crossed MG or

LGS nervsgs.

"5.2.1 Success of nerve regeneration

Table 5.1 outlines the total charge generated at “the
ventral and dorsal roots (L6, L7, S1) by the‘controi and
crossed MG, LGS and Cp nerves. These mean (+ S.E.) charge.
distribbtigns were ‘obtained bﬁ,‘booling data from all
‘animals. The me%% cha;ge’éeneratedlby each crossed nerve at
the dorsal and;iéntral roots was less than the mean charggb_
generated by the corresponding control nerve. Therefore,
fewer than ndrmallmotot énd sensory axons innervated these
muscles or alternatively, their axdns; reﬁained somewhat

qtrophic. ‘Another indication of the success of the

regeneration was given by measuring the tension developed in

]



‘Table 5.1. Total charge generated on dorsal and ventral

roots by stimulation.of the control and crossed nerves.

Dorsal roots Ventral roots
L Y
Total charge (pC)
Nerve control reinnervated control reinnervated
MG g1 + 11 76 + 18 160 + 37 181 + 19
LGS 101 + 9 , 81 + 10 229 + 39 136 + 22
CP 864 + 55 541 + 97 659 + 81 639 + 122

Each value represents the mean and standard error for 6

cats.
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the reinpnervated extensor muscles. The mean tetanic tension
developed in the reinnervated MG, LG and soleus muscles was
‘91, 68 and 92 % of that developed in the corresponding

normally innervated muscles.

5.2.2 Completeness of the nerve cross

As there was substantial charge generated by the MG, LGS
and CP nerves at both the ventral and dorsal L7 roofs; the
effects of cross-reinnervétion were most clearly reflected
by changes in the charge distributions to the L6 and §S1
roots. Data from 6 cats were pdoled to produce mean charge
distributions. In Figure 5.3, the mean charge (+ S.E.)
generated by the control and crossed MG, LGS and CP nerves
at only the L6 and S1 Qéhtral and dorsal roots is expressed
as a percentage of the-total chérge generated by each of
these nerves. MG and LGS nerves contributed sub;tantiall
chérge to the - S1 ventral and dorsal fOOts while the charge
from the CP he:ve ;as greater at the L6 ventral and ‘dorsal
roots. Following reinnervation, the bpposite trends were
‘observed. Major eohtributions of charge from the crossed MG
and LGS nerves were generated at the‘LG ventral and dorsal
foots and from the crossed CP nerves at the S1 ventral and
don;al-roofs.

;Similar trends were indicated by the overall mean root
entries whieh can be obtained from the difference between

the S1 (weighted by '+1) and L6r(weighted by -1) mean root

entries., These were positive for the‘Méi'LGS and crossed CP

& “
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A) Dorsal root B) Ventral root
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40 e o

MG LGS CP MG LGS C°P
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Charge distribution (%)
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4 Reinnervated

Figure 5.3. Mean (+ S.E.) charge distributions of control
MG, LGS and CP nerves and crossed MG, LGS and CP nerves on
the, S1 and L6 dorsal (A) and ventral roots (B). The means
represent data from 6 cats. Mean root entries can be
obtained from the difference between the S1 (weighted by +1)
and L6 (weighted by -1) mean root entries.



116

-

nerves (0.66, 0.40, 0 for sensory nerves; 0.60, 0.22, 0.26
for motor nerves) but were negative for the CP and crossed
MG and LGS nerves (-0.32, -0.16, -0.19 r for sensory
nerves; -0.35, -0.07, -0.14 for motor nerves). As described
in the Methods, . values of +1, 0 and -1 would indicate root
entry of the axons centered about S1, L7 and L6 roots _
respectively.

As these mean root entry values reflect the distribution
of charge at the ventral and dorsal roots, the completeness
of the motor and sensory nerve érosses was assessed from
them. Table 5.2 shows that the'éompletenéss of tbe' métor
nerve crosses ranged from 65-96% fé; the crossed CP nerve,
and from 41-99% and 39-73% for the crossed MG and LGS nerves
respectively. The success of the sensory nerve crosses was
generally better than the jmotor nérve crosses for the
crossed MG apd LGS nerves but poorer than the _motor neive
cross f&r thetgrossed CP nerve. Values ranged from 76-94%,
67-97% and 25-52% for the MG, LGS and CP nerve§
respectively. | |

Ii should be noted that the tibial nerve supplies
branches to the MG, LG and soleus mﬁscles as well as to some
“foot muscles. The tibial nerve branch to the fopt‘nofmaiiy
contributés substantia1 amounts of charge to both the dorsal
and véntral roots (Hcffér et al., 1979). As the calculations.
z‘ of nerve cross completenéss only inclUdéd the charge

contributions from the MG and LGS nerves, the estimate for’

the completeness of the sensory CP nerves is artificially

<



Table 5.2. Completeness of motor and sensory Cross-

_reinnervation.

Cat r Dorsal roots <;,1 Ventral robts
MG - LGS S? MG LGS cp
R 88 72 sz .75 56 8B
2 84 78 38 57 39 - 65
3 9 w0° 25 99 68 96
4 78 67 52 75 62 B
»Wflé//%\bsﬂ - 89 30 . 60 73 | 81
| s 76 97 26 @ 57T 90 ﬁ
Range 76-94 67-97 25-52 _41599~'39-731565596 ',
Mean  B4.2 82,2 37.2 67.atj 58.8 .83.5
S.E.. 2.7 4:8 5.1 8;1’ | 4.9 4.&'_'7' -
,%. Al B

“

Values’- ff f "6 cats are given in % together with the range,
mean and standard error of the sample. 'I‘hese were calculated

from equatlons a) and b) (see Methods)
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low,\ while that for the motor CP cross is artificially high

(see Discussion).

5.2.3 EMG activity during locomotion
Illustrated in Figures 5.4 and 5.5, are the patterns of

EMG activity recorded in she reinnervated and control flexor
_and‘@é&tensor hinaiimb muscles during locomotion. In each

' figuré,\ the ubward aod apd downward pointing arrows below
:  trace A correspond to: the beginnings of the swing and stance
phases in the reinnervated hindlimb respectively. During
each “stechyéle,_ SOme_oontfo} flexor muscles gave a single .
“burst which increased during swing'and gradually declined

during the early stance phase (Figure 5.4D); Other control

flexor' muscles tended to show a double burst pattern wgtﬂ%a
short burst during the swing phase  and another early in the
.Stance phase (Figure 5.5C). Control extensor muscles,
talternated‘ with the contrdl” flexor muscles iﬁ the samej
ﬁinéiihb 'éhd began to fire just prior to ‘stance. Their
act1v1t%gtncreased and was usually ma1ntalned throughout the

stance = phase of theu step cycle (Flgures 5.4G% 5.5D).
‘However, ‘wheﬁ normai anlmals a%e walking, flexor and
Viextehsor act1v1tz lﬂ one hlndllmb 1s approx1matef’“180°

‘6f-{phase w;th flexor and extensor act1v1ty in the other

)

»

oIn Figure 5 4 all EMG act1v1ty was recorded from muscles

\\

‘,1ps1latera1 ‘.to.wthe .nerve-;ross“"surgery.. The cross- .

,reinnetveted"flexo;'(TA) and cOﬁtfoltextensor”(VL) mus;ies

S e"‘\ S .
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Figure 5.4. Rectified and filtered EMG -activity recorded
from cross-reinnervated arnkle extensor (A) and flexor (B)
“muscles and control knee extensor (C) and flexor muscles (D)
muscles during loccmotion. All EMG activity was recorded
from muscles ipsilateral to the nerve-cross surgery. Upward
and downward pointing arrows below trace A correspond to the
beginnings of the swing and stance phases in that leg.

[]
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Reinnervated muscles
1100 pVv A) l'.G

Contralateral control muscles

[25 »V C)TA

500 msec

Figure 5.5. Rectified and filtered EMG activity recorded
from cross-reinnervated extensor (A) and flexor (B) muscles
and contralateral control, flexor (C) and extensor (D)
muscles during locomotion. The upvard pointing arrows below

trace A represent foot lift (beginning of swing phase) in

the ‘reinnervated leg while the downward pointing arrows |

indicate foot fall (begjnninglofithegstaqce phase} in the

same leg. -
| /
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both f%red mainly 1in the stance phase rather thdn in
alternate phases. Similarly, the cross-reinnervated ‘extensor
(LG) showed some activity in the swing phase when the
control flexor (ST) mus;le was active. The Cross-
reinnervated = muscles - were therefore- functioning
inappropriately and according to a pattern which was
intermediate between typical flexor énd e*tensor EMG
activity. In addition, a larger burst in the «cross-
reinnervated LG also occurred during stance. Since this
/cross was only 62%:comple;e for the LG, the additional EMG
activity could havé\arisenhfrom the 38% of fibers which were
ndt crosg—reinnerva;ed, rather than genuine functional
compensation (see Discussion). )
Figure 5.5 shows the same tendency fo; inappropriate
timing of- cross-reinnervated flexot;ana extensor muscle
activity but in reiﬁnefvated and éontraiateral con;rol
muscles of a different\Cat. The cross-reinnervated flexor-
muscle (TA) is esséntiai}y in phase with the contralateral
control TA muscle. Actiyity iﬁ. the reinnervated flexor
muscle , begins .shértly béfore_fobt'contact' and continues
throughout Stance;m This’is\the typical pattern for an ankle
extensor. (see,’abpvé and H%lbergsma, 1983) although the
duration of theh cbntralate%al_ extensor EMG  is longer.
- Similarly, a burst occurs in Ghe cross-reinnervated extensor
(BG)lin phase with‘its-contralétefal‘control extensor muscle
(cf. Figures 5.5A and S.SD): >ThiS'bprs£ in the cross- .

,reinhervated extensor is in the éwing phase as expected fqr

. '\\

N |
. . . |

- d
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an ankle flexor. An additional burst of EMG activity was
present in the cross-reinnervated extensor muscle during the
stance phase (Figure 5.5A) which was comparable in amplitude
to that present during ﬁhe swing phase. As the motor nerve
cross for the LG was only 68% complete, this activity could
have resulted from unsuccessful cross-ré€innervation rather
than from genuine functional compensation (see Discussion).
The .data shown in Figures 5.4 and 5.5 were typical of
that recorded from all animals. The most common variation
was in the relative amounts of stance related activity in
the crossed LG (cf. Figures 5.4A and 5.5A), which 'was
largest in those animals in which the:r cross was least

complete.

5.3 DISCUSSION -

In- the " present study the nerve innervating all of the
distal flexor muséles was dfoss—united wiﬁh the nerve
Ennervating all of the distal extensor muscles in one
hindrimb of young cats. To assess if genuine functional
c@mpensation during locémotion resulted from alterations in

central neural connections following reinnervation, the

success of the nerve crosses had to be determined.

5.3.1 Factors determining the completeness of the cross
. The. data indicated that the motor nerve;kctoss was
. generally bé;ter for the crossed CP nerve than for the

: : . _ Cs .
crossed MG and LGS nerves (Table 5.2). These results were
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expected because there are more than thice as many motor
axons in the tibial nerve than in the CP nerve (Hoffer et
al., 1979). However, these data for the crossed CP nerves
were artificially high because only the charge contribut@ons
from the MG and LGS branches of the tibial nerve were
included in the cross purity calculations. This resultslvfh
the mean root entry value for control extensor nerves beiﬁg
less positive or tending more towards lumbar root entry.
Overall, the denominator in the cross-purity calculation is
smaller, making the cross-purity appear more sucéesé?hl. As
the mean réot entries for control MG and LGS nerves in the
preseﬁ% study were similar to those reported by Hoffer et
a.., (1979), the present croéS'purity calqulétions could be
adjusted by using the complete tibial charge contributions
from Hoffer et al., (1979). This resulted in the mean
completeness ofe/the present motor CP cross being reduced
from 83.5 to 69.5%.

The completeness of’khe sensory cross was high in the
crossed MG and LGS nerves. The least success was found for
the sensory component of the crossed CP nerve. . Part of this
may reflect the tendency for there to be fewer sensory‘axens
in the tibial nerve than in the CP nerve (Hoffer ef al.,
1979). The absence of the tibialycharge contribetion to the
foot 1in  the puriti calculations will alse result in an
éftificially low value for.the completeness of ehe sensory
comporients ih}the crossed CP nerves. vAfter the appropriate

adjustment for the complete tibial cherge‘contribution using
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"the data of Hoffer et al., (1979), the completeness of the
sensory components in the crossed CP nerve was substantially
increased.

Differences between motor and sensory reinnervation will
also influence the success of the nerve cross. Motoneurons
reinnervate muscle fibers exclusively and non-specifically
(Miledi and Stefani, 1969; Gillespie et al., 1986; see
Chapter 4, 6). In comparison, sensory nerve fibers only make
connections with appropriéte target organs. Those sensory
fibers that are unsuccessful in reinnervating end organs,
will atrophy (Davis, Gordon,- Hoffer, Jhamandas and Stein,
1980; Mackel et al., 1983). Thus, motor reinnervation was
expected to be better than sensory reinnervation. Our data
show this for the crossed CP nerves. The discrebancy for the
crossed MG and LGS nérves are probably explained by ;he
proportions , of sensory and motor axons in the CP nerve and
the exclusion of the complete tibial nerve charge

contribution from the purity calculation as described above.

5.3.2 EMG patterns during locomotion‘

Cross-reinnervated extensor and flexor patterns of
muscle activity were inapprépriate in relation to £he tiﬁing
of control flexor and extensor muscle activation patterns in

*béth‘ipsilatefal and contralatégal~legs. EMG activity. in the
N .

'cross-reinnervated flexor was in phase with ipsilateral

control extensor and contralateral control flex6ér EMG

actiéity. S%me reinnervated extensor EMG activity was: in
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phase with ipsilateral control flexor and contraléterél
. control extensor EMG activity. These <cross-reinnervated
extensor and flexor muscles were largely reinnérvated by
flexor and extensor motoneurons respectively. Therefore,
these data 1indicate that the muscles were activated
according to the normal patterns of activity of the
antagonist nerves that now supplied them. Siml.ur results
were reported by Tsukahara et al., (1982) following cross
reinnervation of flexor and extensor forelimb nerves of cats
and by 6thers following cross-union of only two muscle
nerves (Cohen, 1978; Luff and Webb, 1985; O'Donovan ét al.,
1985).. |

As well as the reversed EMG activity during locomotion,
additional EMG activity occurred in the cross-reinnervated
éxtenspr muscles du;ing the stance phase of locomotion (see
Figure 5,4, 5.5} Tsukahara et al., l1982). In terms of
movement patterns, this was reflected by incbmplete movement
reversals. Some cats initially placed the foot dorsum on the
ground, but quickly turned the foot over to take weight on
the pad dﬁring the stance phase. The stance phase was
shorter thanioﬁdrmal wifh more weight béaring occurring in
the contralateral limb. Several cats maintained an extended
ankle  joint durihg' locomotion which, combined  with
~shortening of the stance phase, prevented the ankle joint
from collapsing onto the ground. Inkorder to bring tﬁe leg

through to the next flexion phase, the hip joint had to be

.



126

-

lifted higher than usual during the relatively longer swing
phase. Such compensation was necessary to maintain balance
during locomotion,

Also, when the 1limb hits the ground, flexor reflex
afferents will be excited which will now be directed to
excite the crossed extensor muscles. If the muscle is
stretched under the weight of the body, stretch reflexes may

also be elicited in these muscles.

)
Finally, since the motor nerve crosses were less than
complete, some of the additional EMG activity during

locomotion could be due to extensér nerve axons which
returned to their original muscles. Additional inappropriate
EMG has been recorded in other studies_ where the nerve cross
was impure (Cohen, 1978; Luff—and Webb, 1985; O'Donovan et
-al., 1985) but was absent following pure nerve Crosses -
(O'Donovan et al., 1985). For all.these reasons,-there was -
no compelling evidence for genuine modification of central
neural connectidns, as suggested by some previous authors
(Cohén, 1978; Luff and Webb, 1985; Tsukabara‘et al., 198?)i

- In conclusion, the data show that, even when cross-

f

:;efnnervation was completed in young cats and whef the
success of the motor nerve cross was relatively high, a
spinally generated behavior like locomotion’ Qas §¢ill
dominated by the origdinal, ‘aﬁd‘now inapbropriate flexor and
extensor EMG patterns. . The spinal synaptic cqnnections"were
not greatly altered éven‘one to two ybars‘ after surgery.

Although the cats attempted functionally to compensate their

N
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movement patterns during locomotion, their walking was

nelther adept nor smooth.
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CHAPTER 6 -

o
=5

PERIPHERAL REORGANIZATION OF MOTOR UNIT §§OPERTIES FOLLOWING
CROSS-REINNERVATION OF ANTAGONISTIC MUSCLES IN THE CAT

HINDLIMB

Cross-unipn of twb common nerves in the cat demonstrated
S B / .

that +the quséﬁéﬁggf the cross-reinnervated ﬁuscles changed
towards thag bf£££é innervating nerves (see Chapter 5). In
terms of mﬁécle properties, other studies have shown that
the cross-union of the nerves to the slow soleus and
primarily fast twitch FDL muscle of cats, resulted in the
contractiie speed of the reinnervated muscles changing
towards that of the foreign iﬁnervating nerve. These changes
. were more complete in the cross—feinnervated,FDL muscle than
the créss—reinﬁervated soleus (Buller, Eccles and Eccles,
1960). At the motor unit level, the cross-reinnervated FDL
units had phyéiological, Hiﬁtochemical, biochemical and
4immuhocytochemical prbfiies typiéal of self-reihnervated or
normalrsoieus motor units. Thus, the majotiéy of units were
physiologically classified as siow. Although grouped
together, the constituent muscle fibers were all type I and
all cross-reacted with_liéht chains of slow twitch myosin.
'$tainihg was high ‘fSr oxidative enzymes but 1low for
glycolytic enzymeé'or myosiﬁ ATPase activity (Bagust, Lewis®
and Westerman, '[981;.\‘Ch§p, Edgertdn, Goslow, Kurata,
Ragmusseﬁ.and Speétor,‘1982: Dum,'O'Donovan, Toop and Burké,

'1985a; Gauthier, Burke, Lowey and Hobbs, 1983). Similar.
- - . X ) . \

~ : : ‘ ' . ; - 3, \\\ \
Y e ,“ \ . ’ . } a
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physiological results have been reported following cross-
reinnervation of the cat LG muscle by MG motoneurons
(Foehring, Sypert and Munson, 1984).

In comparison,  soleus muscles cross-reinnervated by FDL
axons appeared far more resistant to change and much more
attention has been éocused on them. The majoriti of muscle
units were physiologically slow, although mu§cle unit
contractile speed increased towards that of the inne;vating
nerve. A ménority of FR and FF motor units wére‘found in the
soleus muscle reinnervated by MG axons (Foeh}ing et al.,
1984). A few FR but no FF units were found in the soleus
muscle reinnervaﬁed by FDL axons even though normai FDL
motor axoné typically innervate approximately 25% FF units.
Motor unit size appeared to be re-established or became
larger, as reflected by measurements of motor unit tetanic
tension, However, in one study the fast tw@tch units
developed the smallest tensibﬁs which is”abnormal‘ (Lewis,
Rowlison. and Webb,. 1982). Histochemically, the ATPase
reactivify and‘oxidative enzyme staining of muscle fibers
was appropriagg for type I or IIA fibers (Chan et al., 1982;
Dum, O'Donovaﬁ, Téop, Tsairis, Pinter and Burke, 1985b).
Myosin was altered but was unlike that of normal FDL :or
soleus. The fibers reacted strongly against the light chain
of slow twitchumybsin and one light chain of fast ‘twitch
‘myosin (Gauthier-ét al., 1983). |

In all these studies, individual muscle nerves were

e

-
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severed and cross-united so that the muscles were cross-
reinnervated by axons from a single motor pool. In humans,
complete severance of large nerve trunks containing axons
that innervate many muscles 1is far more common thén
severance of individual muscle nerves. The denervation of
many muscles with different funcﬁions presents a complex
reinnervation situation (see Cﬁapter 4). Disorderly

. A 4
section and resuture of either the ulnar or median nerve 1in

recruitment of reinnervated human motor unf&QTifter complete

the forearm was shown to result from the\ misdirection of
motor axons to foreign muscles with differehp functions (see
Chapter 4). 1In that study, the relationshipgﬁbetween nerve
and muscle properties was inferred indirectly f;op ﬁhé level

of force required to recruit motor units and the twitch

tension they generated during voluntary 'isometric

contractions. In cats, a similar extreme test of muscle

function after reinnervation was attempted by the cross-
union of large common nerves th the distal hindlingb (see

Chapter 5). In this chapter, the per1phera1 reorganlzatlon

of those:" relnnervated motor units is examined . dzrectly by_

recording and correlat1ng the relat1onsh1ps between ‘nerve

and'muscle propertxes.  For appropr1ate muscle functlon, the

nerve and muscle propertles ‘within 1nd1v1dua1 relnnervated'

e rAn

motor units and across the new motor unlt populatxons of the-*

- . Qw.

muscles " would ‘have>,to be - rematched- to: the motoneuron

following reinne:vétion.
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6.1 METHODS , /
Following the surgery and acute experiments desﬁribed in
Chapte} 5, the peripheral organization of cross-reinnervated
motor units in the‘MG muscle of three cats and in the LG and
soleus mgscles of three other cats was ctudied. After the
cat was positioned }n the Stereotaxic frame, the individual
tendons of the muscles being recorded (MG or LG and soleus)
were attached to a separate force transducer {(Grass FT03 or’
ff10) to record muscle tension. Whole muscle forces were
recorded - in response to electrical stimulation of the
appropriate muscle nerves. EMG activity was recoraed using
bipolar. electredes stitched to the fascia of these muscles
(see'Cﬁgpfer 5). X )
eThe ‘intaet.nerves were then placed over five electrodes
- spaced | 1-2 mm apart. Triphas{c action poteﬁtial§ were
‘recorded’ differentially between the central . electrode and
the-jadjaeenﬁ electrode on either side of it. To further
reduee contaminationr of the §ignal by EMG the "two outer
electrodes Mere.grounded.’.The cut S1 ‘L7 and L6 ventral
roots were then split into flne filaments to 1solate 51ngle
motor unlts. The firing of a motor unit was consiaered ‘all-
or-none when variation of ;he sttength of the 51ngle ‘shocks -
”del1vered to the t1lament produced no gradlng of the nerve.
o;v EMG potent1al and tw1tch tenszonf The s1ngle _ﬁe(ye'
»f1lament was then repet1t1vely stlmulated and the evokéd

fneural (0 1-10 kHZ) and EMG potent1als (3 10 KHz ) averaged

together w1th muscle\Force as follows' - - .

T . T4

. - * ,
- - . . L
. o «
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o

.a) 30 responses to 1 Hz -°stimulation to measure twitch

v

s tension and contraction time (CT). Contraction time :» was

> g . .
measured from the peak of the unit EMG to the time ‘of

. re
peak tension,

b) 2-5 responses to . trains of 20 - pulses at an

‘interval corresponding .to 40% of the CT to estimate

" tetanjic tension. .

#

c) a few trains of 25 stimuli at 100 Hz to produce

posttetanic potentiation, but not to fatigue the muscle.
‘d) ~ 20-30 potentiated twitch responses to 1 Hz stimulation.

e) stimulation for 800 msec with an interstimulus

-

interval. equal to 125% of contraction time, to test for

O

the "Sag property (Burke et al., 1973). The unfused tetanus

- .
‘was’ cons1dered to "sag" if it began to rdecline durimg

 the' petlod of- stimulation rather than increasing or
“ rea9h1ng a steady level.f‘. |
£) st1mulatzon : at 40 Hz for 330 msec at 1 sec intervals
?f‘--~21m1nutes; The fatlgue 1ndex was determined from the
&:atlo of peak tenS1on at 2 m1nutes to 1n1t1al peak tension.
At .the' end of the experzment the sc1at1c ‘nerve was

o

‘eXposed to determzne the' dlstance betweenllthe central

. L

1:st1mu1at1ng pnd recordlng elect;bdes. Axon eohduction

\ .

‘Weloc1ty was calculated by d1v1d1ng tme conduct1on distance
by the contracelon t1me., , -“u,' -5 BN
6 1. 1 Assesﬁment of axon sze and motot unxt s:ze

o‘_..' ] / ¢ ) )
- .The :sxze »relat1onsh1ps between the _nerve ~and - muscle
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variables in control and reinnegvated tricgps surae muscles
were determined, as illustrated for the MG muscle in Figure

6.1. The peak to peak amplitude of the average triphasic

potentials ‘récorded on the muscle nerve was used as an
indicator of axon size, while the size of the motor unit was

determined by tetanic tension. | _

The relatidnships between the amplitude . of the
‘extracellularly recorded action potential, muscle unit force
and confEactilé  speed of the normally irnervated and
reinnervated muscles were eacﬁ plotted on logarithmicyscales
and fitted with,straight lines to minimize deviations in the
both directions accordiné to a least ‘mean ;quéres criterion
(Sokol;ikoff and Redheffer, 1958). The best fitting llings‘
were drawn only when the slopes ?f the line§ were
significantly different from zero at the 5% _éonfidence
level.

As the motor unit forcg\was directlyvcorrelated'with axon
potential amplitude (Fféﬁre 6.2A, C, E) and‘ négativelﬂ
correlated ‘with the contraction time of 'tﬁé motor units
(Figure's.ék; C,‘E)'in nqrmally innerQaied"Mé,'LG and soleus
.muscles, the slopes of thé lines were used to determine the
extent to ’which"normal nerve and muscle relationships‘
. returned afte:_reinnefvation. It should be ndted that the
co:relatién‘ was weak fo;‘one:LG muscle kFigurélﬁS,ZC}, The
data for onlY‘oné soieUs'musgle is §hown becaﬁse the vother

muscle sémples were smail‘(Figures 6.2E, 6.3E).

N
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Figure 6.1. Schematic diagram (A) of the method used to
stimulate a single nerve axon to the MG muscle and to record
an all-or-none action potential on the MG nerve (B), on the
EMG electrodes (C), 'and an isometric twitch (D) or tetanic
{E) contraction. Each trace represents the average of 30
stimuli (5 stimuli for- tetanic tension) and has a time scale
appropriate. for the time course of the’ sxgnal illustrated..
Data were recorded similarly following stxmulatxon of single
axons to exther the LG or soleus muscles.

.
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Figure 6.2..Axon potential amplitude recorded on the muscle
nerve- plotted as a function of tetanic tension K for single
motor units . in two normally innervated MG (A) and LG - (C)
muscles, one soleus muscle (E) and two reinnervated MG (B),
LG (D) and soleus (F) muscles.  Data from different muscles
are plotted using different symbols. All regression lines
drawn -in these and subsequent plots tive slopes vwhich are
" significantly. different from zero (at the 5% level of
probability) on the logarithmic scales used. ' -
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6.2 RESULTS

6.2.1’Motor unit properties following reinnervation

The positive correlation found between axon potential
amplithde and musﬁle unit force in normally innervated
muscles, was‘ re-established in reinnervated muscles: In
Figure 6.2, Sypical exémples of these relationships from
different muscles are represented by different symbols. The
slopes of the~£egression lines were 0.10 + 0.02 and 0.08 +
0.02 (mean * S.E.; Figure 6.2A) for the normally innervated

T

MG muscles, 0.11 + 0.03 and 0.19 *+ 0.04 (Figure 6.2B) for
reinnervatéd MG muscles, 0;06 + 0.03 and 0.05 + 0.03 (Figure
6.2C) for normally innervated LG muscles, 0.21 + 0.05 and
0.19 + 0.08 (F}gufe 6.2D) for reinnervated LG muscles, 0.19
+ 0.09 for a normally innervated soleus muscle and 0.24 +
0.19 and 0.14 + 0.11 for reinnervated soleus musclesi The
slope of the relationship for.ﬁhe LG muscle represented by
the qpeh symbgg s (o) and each reinnervated soleus muscle was .
’not significant. Demonstrating significant 'relationships
 depends  in part, on the range of measured values and the
sample size. ,Fo; example, the rahgg of axon potentials fof
'the LG mﬁstle was similar at all tetanic tensions so overaﬁl
*—ghe relatidnship w;s posi}ive ds expected but‘ﬁeak. For both
control and reinﬁervated soleus mu5c1és, the‘sample sizes.
were small., If the data from the\gsifnervated,soleus muscles
were pooled, 'the slope of the relationship was 0.24 §;,0.i1

4

and significant.
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The slopes of the relationships were steeper than normal
in one reinnervated Mé;g;a each LG muscle because of the
wider range of axon potentials 1in these muscles. In
addition, there was sdme variation in the slopes of the
relationships for different reinnervated muscles. This Qas
not 1indicative of differences in recovery; as similar
variation was seen 1in control muscles.

Although the mean axon potential varied in different
nerves, the overall axon potential mean for all control
nerves was very similar to that fqund for all regenerated
nerves. In all normally innervated ﬁuscles and all but one
reinnervated LG muscle, a similar range of motor unis sizes
was observed. | |

Figure 6.3 shows examples of the negative relationship
typically found between contraction time and teﬁaqic tension
in normally innervated and reinnervated motor units 6f the
MG, LG and soleus muscles. The slopes of the best fitting
lines were =-0.19 1 0.03 and'-0.21v1'0.04 (Figure 6.3A) in
the normally innervated MG musclés, —0.24 1'0.03; -0.10 +
0.05 in the normally innerQated LG muscles‘(Figkre'6.3C) and
-0.291 i"0.11 for the normally innervated .soleus muscle
(Figure‘6.3E), Generally, fhé motor‘unit'tohtraction times
were ‘SIOﬁer in sdléuS'than the MG or LG muscles. Following
reinnervatibn, the range of contractich times for ai}
muscleéy*was'similar and compa;ébie éo,that observedxihfjfﬁe v

norﬁally innervated LG muscles, The™ more homog€heo?s
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contraction times of the relnnervated MG motor units
resulted in contractile speed and force output
relationships with shalloweg than normal slopes in these
muscles (-6.10 +0.03; -0.1'3 + 0.04; Figure 6.3B). Slopes for
the reinnervated LG muscles were similar to normal (-0.11 +
0.03; -0.17 + 0.07; Figure 6.3D). Fof reinnervated soleus

muscles the samples sizes were small and the relationships

were not significant.

-

6.2.2 Alternative measures of axon size and motor unit size
‘ In normally 1innervated muscles there Qas a strong
positive correlation between the extracellularly recorded
axon potential amplitude and axonal conduction velocity
(Figure .6.4A). Because the tibial and peroneal nerves were
crqss-united just below the sciatic branch point in these
experiments, the axonal conduction velocity could not be
measufed above the suture 1line. Therefore, following
reinnervation the conduction velocities were slower than
normal, presumably .due to‘ conduciion delays across the
' suture line. The correlation between a;dn. ‘potential
amplitude = and conduction velocity was ‘therefore weaker
(Figure 6.4B). Because of these complications, axon
potential amplitude was conside}ed the better measufe of
axon size, | , o .
Figure ‘6.5~‘compates Fhe positive relationship between
peak to peak EMG amplitude and tetanic tension in one

normally innervated and one reinnervated MG muscle. The same
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trend was found 1n normal LG and soleus muscles ?nd re-
established following reinnervation. However, Has’ EMG,
amplitude also depends on the distance of the muscle fibers
from the surface electrodes, tetanic tension was considered
to be more indicative of motor unit size.

Twitch tension provides another measure of motor wunit
size. As the motor unit response was more relliable with
tetanic stimulation of the motor axon and the range of motor
unit tetanic tension values was wider than that recorded for

twitch tension, tetanic tension was considered the better.

measure of motor unit size.

6.2.3 Classification of motor units
In Figure 6.6 ail, the normally innervated and
reinnervated motor units from different MG, LG’and .soleué
muscles are compared accérding to their fatiguability during
tetanic contractions and their contractile speed. Those.
m9tor units which sthed "sag* during‘ﬁnfused‘ tetaﬁi are
represented by é different‘symbol from those motor wunits
which showed no sag. All of the normally innervated and all
but 15 reinpefvgted motor units could bé classified as
either S,‘ FR, Fl1, or FF types by utilizing their "sag"
properfy and fatigﬁé charactgristics. The 15 reinnervated
motor units which were unclassified, ;fatigued déspite:’the
absence of "sag". ' » |
I?‘”_"Xn "alternative way:ﬁo élassifk'each'mofor unit was to
R

utilize contractile speed and fatigue characteristics., Those

Fo g
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Figure 6.6. Fatigue index of normally innervated motor units
from all MG, LG and soleus (A, C, E) muscles and
reinnervated motor units from all MG, LG and soleus (B, D,
F) muscles plotted as a function of their contraction time
and "sag" property. Motor units were separated Into fast or
slow by the presence and absence of "sag" or by the vertical
line drawn at a contraction -time of 40 msec. Those  motor
units -with a fatique index above the horizontal line drawn
at , 0.75 were considered to be fatigue resistant while those
below the horizontal line at 0.25 were fatiguable, Motor
units between these two fatigue index limits  showed
intermediate fatigue characteristics. " :
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motor units with a contraction time of less than 40 msec
were‘ classified as fast 'while those with a contraction time
of 40 msec or greater were classified as slow. These
criteria produced . two main differences. One normaily
innervated = and 9 reinnervated motor units were
unclassifiable because they fatigued yet had relatively
slow contraction times. Secondly, 7 normally innervated and
7 reinnervated  motor units, which were claSsified as FR
units, were previously classified as slow moter units by
their saévproperties.

Irrespective of the <classification scheme used, the
distribution of the motor units in the reinnervated muscles
was strikingly similar and much like the distribﬁtion of
motor ‘units in the control LG muscleé; These results were
indiéativeA of a marked change in the contractile properties
of reinnervated soleus units, Eacﬁ of the four motor unit
types was found in reinnervated soleus museles, whereas.
nqrmaliy innervated soleus units are all_of‘the slow type.
Following reinnervation, there was also ah'increasé:in ﬁhe
numbers of motor units showing intermediate faﬁiggabiiity,ih
all of the different muécleé. - : |

Figure 6.7 shows comparisons of the mean axon pofehtial
(+ S.E.) and tetanic tensions (+ S.E.) for difééiéht. uﬁiﬁv
types found in MG, LG,}fnd ébleus muscles of’éll'contxoiyéha}
reinnervated cats. 'The motor units were classified by théif”

fatique characteristics and contractile speed. The mean axon )
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LG, and soleus muscles. Fifures represent data from -2
. normally inhervated and 3 reidnervated MG muscles, and 4
-normally innervated and 3 reinnefvated LG or soleus muscles.
Units. " were classified by contractile speed (S >.40 msec; -
F < 40 msec) and fatigue:properties during unfused: -tetani
(fatique index: S, PR > 0.75; 0.25°< PE < 0,75; PP < 0.2§).
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betential for control and for reinnervated slow units in the
MG, aﬁd YLG mu§61es was generally less than that found for
fest eeits. Soleus units were\normaily all of the slow type.
Following reinﬁervat%on, axon potential means were similar
for the slow and fast soleus units. With respect to tetanic
tensions, there was _{soni'verlap etween unit types 1in
anormally.innervated MG and LG muscl but- the meén force of
slow hotoq units wasvéenerally less than Ebe'meanxforce of -
fast units. Following reinqervation, overlap of tetanic
‘tensionsibetween the different unit types was- considerable.
For ¥ soleus, the sample sizes were small. -following
‘reinnervation, the range of force for all unit types was

similar, although the mean force generated by slow units was

actually larger than that generated by fast units.

6 3 DISCUSSION N
'd' :‘Te the present study. the flexor and extensor nerves . of
the dlstal hindl1mb of cats were: surglcally cross-ﬁﬁ1téa 'to:
'study the extent of per1pheral reorganlzatlon of_petg and
- muscle 'propertles. Because these common nerves contalned
axons from many d1fferent motor pools thh antegonistic
funct1ons,. these exper1ments represented an. extreme test of
‘;E.tﬁe rematchlng of 51ze;re1at;onsh1ps between nerve -and

S muscle.'."‘,, R DA

S1gn1f1canb p051t1,e cOrrelations weref re—established

between axQn- poten 1al ampI1tude ‘and tetanzc_ tensionf:in.-'

'1qd1v;dua1=7re1nnerveted MG *andﬁ;}G muscles ‘but -only in
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@

reinnervated soleus muscles when data from two muscles were

pooled. The slopes of the best fitting lines were generally
comparabae to these found in normally '{nnervated muscles.
Thus, these findings verify that reorganiiation of nerve and

muscle properties according to size occurred after

2

reinnervation, - as previously shown following reinnervation
of the triceps surae muscle group of cats by their own
<:2§2erves (Gordon and Stein, 1982). Furthermore, these results
‘demonstrate the remarkaple potential for sueh reorganization

since these extensor muscles were largely reinnervated by

flexor motoneurons (see Chapter 5).

The. firing pattern of the innervating nerve presumably

‘had a strong influence on the rematching of nerve and nuscle
properties in teinnervated motor units. Earlier studies have
shown that‘ predoninantly fast twiteh muscles. become slow
contracting when activated with a slow firing pattern of
nerve‘aetivity (Buller et al., 1960). Also,»if denervated or
4ctOSSfreinqervated__muecles are Stimulatea with their_ former
activation natterns, they retain their typical contrsct le.
propeftie§%(L¢mo," Westgard, and Dahl,' 1§74, Salmons and

~Sreter, 1976). | | | | |

. Follow1ng relnnervatlon of the MG and LG. muscles,‘ thea/'

-wszgn1f1cant 1nverse relat1onsh1ps between contract;gn utime;

and force output were re- establlshed These relat1onships

'nere_ weaker than normal 1n the relnnervated MG musclesv
>

because of the much narrower ge of contract1on tlmes in‘

°

uv“
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these reinnervated motor units. Significant relationships
were not re-e;tablished in reinnervated soleus muscles but
the sample sizes were small. In this study, the reinnervated
MG, _Lévand‘éoleus muscles were largely innervated by flexor
‘motoneurons. - The units tended to haQe faster contraction
times, &similar to the normal motor units found in flexor
muscles (Dum and Kennedy, 1980a). These results are
consistent with the idea that the flexor motoneurons
determine the contractile speed in the muscles they supply.
Using sag aq@ fatigue characferistics, .all of the
normally‘inn?rvated motor units from MG and LG muscles could
be classifieé as S, FR, FI, or FF, while soleus motor units
were.always/s. F8llowing reinnervation, all of the different
motor unit types were found in each of the’diffefent muscles
studied. Thus, the contractile properties of the muscle
fibefs can be influenced by their innervating motoneuron
(Buller et al., %960), since- a flexor muscle like -TA
cohﬁains all four motor unit types {(Dum“and Kehnédy, 1980a).
Theée data also iﬁdicate that motoheu;ons}show littie or no
préFerence for their former typg of muscle fiber and can
iﬁn%rvate'yusclé fibers of all typés; | o
in 'contrast, two other sﬁﬁdiés in which solehs, muscles
were cross- rexnnervated by FDL ‘axons reported that all 6r’
the majorxty of motor units were class1f1ed physzologlcally
: as‘ S.."The ,remalnrng vere FR.‘ The muscle vflbe:s were
;hxstochem1cal type I or IIA (Chan en al.,, 1983 Duﬁ.et‘aljj
1985b) he phy51olog1ca1 d1fferences may :efiect: the

4



149

differences between the nerve crosses. Cross-uniting the
common nerve to ‘all flexor muscles of the distal hindlimb as
opposgd to one flexor muscle nerve may result in a larger
proportion of FF and FI motor axons from which to sample. A
few FF units were recorded 1in soleus muscles cross-
reinnervated by MG motoneurons (Foehring et al., 1984). 1In
addition, 15 reinnervatedAmotor units in the present study
were unclassifiable using "sag” and fatigue criteria because
they fatigued, yet showed no sag during unéysed teténi.
These motor units with properties intermediate between the
normal wunit, types were found in all of the triceps surae
muscles. Therefore, the motoneuron does not’appear to bg‘the
exclusive influence involved in determining cross-
reinnervated muscle properties as suggested by others (Chan
et al., 1982; Dum et al., 1985b; Foehring et al., 3984).
Alternatively, fé;t motor units can be separated from
slow motor units by using a contraction time of 40 msec
instead of the "sag" property. Seven.motor units previohsl&
classified as S by their sag property, - were no¥ classified
as FR unité.’.HoweVer; this different’classif1¢apion scheme

would only explain the different proportions of S to FR

~units in the present and . other studies. Using theSg f'

criteria, 1 normally innervated and 9 reinnervated motor
units in this study had muscle properties intermediate

- between the normal unit types.

Regardless of how motor units were classified, there was

T~
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a notable~increase in the number of the reinnervated motor
units in all muscles with intermediate fatigue
characteristics. These data were consistent with
demonstrations at the muscle level of incomplete conversions
of contractile, biochemical and histochemical muscle
properties following cross-reinnervation (Jolesz and Sreter,
1981). Similarly, soleus muscle fibers cross-reinnervated by
FDL motor axons showed immunocytochemical reactions that
were @ntermediate between those of normal soleus and FDL
musc}g&ffibers (Gauthier et el., 1983). Similar incomplete
changee may account for the intermediate changes in motor
unit contractile properties observed in the present study.
One way in which such incomplete conversion of muscle
properties is reflected phy51ologxcally at the single motor
unit level may be in terms of intermediate fatiguability. A
further indication of these intermediate motor unit

properties was reflected by the greater overlap in tetanic

tensions of dlfferent re1nnervated unit types.

In conclu51on, the data in the present study show
there was peripheral ~organization of nperve and -muscle
jpropertxen accord1ng to size in- teeJﬁginneryéted .motor units
and musc]es. Recovery of motoneuron propeftles and synapt1c
.contacts “onto axotomxzed motoneurons %lso occurs after
) muscle re1nnervatxon (Sumner and Sutherlade 1973) Even so,
lthe patterns of muscle act1v1ty are determined largely by
the motor nerves and the f1ne control of me\\meﬁt results

from'the orde;ly recrultment of motor units in any‘one_motor
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pool (Henneman et él., 1965a) . Hoﬁever, following
reinnervation, the motoneurons innérvating any one of the
triceps surae muscles came from many different motor pools
with antagonistic functions. Thus, ‘although they may be
activated in order of increasing size or excitability, they
may be activated for quite inappropriate movements. Aﬁ
indication of igappropriate muscle function was degénstrated

by abnormal movemeﬁf~patterns during locomotion (see Chapter

! i

5).



CHAPTER 7
GENERAL DISCUSSION

Henneman first proposed that the susceptibility of
motoneurons to discharge was a function of their cell ‘size
({Henneman, 1957; Henneman %@.al., 1965a). Since then, there
have been numerous animal -and human experiments which
suggest, that for an overali excitatory input to a
métoneuron podl, therg is a <characteristic order of
mofcneéron recruitment (Henneman et al., 1974 ; Milner-Broyh
et al.; 1973b). Recruitment of motor units, has been shown to
occur by size or type (Zajac and Faden, 1985) and may occur
in a force dependent way by a systematic gradatién of
intrinsic motoneuron properties (Gustafsson and Pinter,
1985). ; Until human motor. units can be classified by
physiological type o; axon conduction velocities feadily
measured, their_rrecruitment can only be described in terms
of motor unit'size;v0verall, recruitment otden;is:influenced
by -métoneufon_ size and geometrj, intrinsic motoneuron
prdpérties, as well as the. strength and connebtivity

'pattefns* of the synaptic inpuﬁs. How - these paraméte;s
éombine“ ‘to 7determine the _functionél threshold- of a
motoneuron is still be determined. Similaf;y, the functional

importance of active and inactive synapses in relation to

‘moténeuron excitability is just beginning to beﬁexplb:ed as.

' are.ithé'»effects of differént 'activation p§tterhs'on.the o

operation of the afferent connections.

152,
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From the present study, it is clear that exceptions to
orderly motor wunit recrulitment in human subjects during
contractions of‘a“muscle in different directions or during
functional joint movements are only apparent. When the
changeS\jn recruitment threshold during different directions
of contraction of small hand muscles are viewed in relation
to the whole population of motor units within a muscle,
recruitment by increasing twitch gi;e adequately describes
the  function of these muscles fof all contraction
directions. Similarly, motor pnifx‘re;ruitment during
isomet;ic corttractions is a good reflection'éf the actual
recruitment order of motor units in these muscles during
functional joint movements., For ihe size principle of
orderly motoneuron recruitment }% be .the common pattern for
activating motoneurons in so \ﬁany differgnt types of
movements, suggeSt; that the overall organiZation  of
different motor poolsvis very similar. To appreciate the‘

special functions of muscles, the motor unit properties of ¢

f
/

the whole muécfe must be viewed in relation to the actions
and propepties of other muscles..

| A,'unique opportunity ~to study the importance Aof ‘the
normal ofganizépioﬁ of ﬁerve and. muscle pfoperties‘ for
ordefiy :motdr unit recruitment andv. vdlﬁﬁtary muscle
funétioh; opéu;s after.accidehtal sé?erénﬁe of a largé human
nerve cgntaihing axons that'innervatefé numberwof musclés;

When complete nerve section and repair in .the human



154

forearm or the cat hindlimb involves the accidental or
deliberate migdirection of motor axons to foreign muscles,
there 1is a strong tendency for muscle unit properties to
reorganize 1in a functionally meaningful way. That orderly
size ‘relationships between nerve and muscle properties were

also fe-established in ;ross-reinnervated ‘cat hindlimb

muscles, suggests that similar reorganization may occur in
B ©

reinnervated human motor units if nerve recofdings could be

easily made.

One iﬁterésting question which arises from these findings
is how the nerve and muscle properties within a motor unit
are rematched after reinnervation. Since the classic cross-
reinnervation experiments of Buller et al., (}960), it has
been clear that alpha motoneurons exert powerful control
over the cqntractile properties of the muscle fibers they
innervate. Even though the territory of reinnervated motor
units Hzé been shown to be altered (Dubowitz, 1967; Kaparti

v \

" wand Engel, 1968), the motor unit histochemical properties
become apprbpriate to the innervating motoneuron (Dum ét
al., 1985a). Simi;arly, the physiologicadl pfoperties of
reinnervaﬁed motor units were shown here to change towards
tﬁose  of thé innervéting motor pools after Cross-
reinnervation of }arde common nerves and by others aftér
c:éss-reinnervation of. single muscle nerves of the cat

~hindlimb (Chan etjal.; ~1982; Dum et al,, 1985a). This
provides convincing evidence that many muscle fibers' are .

converted as a result of their new innervation. However, if
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thié "motoneuron specificity” was complete, all muscle
fibers would be‘convertéz following cross-reinnervation.
Cat soleus muscle fibers appear resistant to change 1in some
cross-reinnervation experiments (Chan et al., 1982; Dum et
aizﬁ 1985b) suggesting some residual role for intrinsic
muscle properties. '

The pattern or the amount of neural activity may be
important in respecifying muscle properties (Pette, Smith,
Staudte and Vbrova, 1973; Eerbeek, Kernell and Verhey,
r984). When denervated or cross-reimnervated musclés are
stimulated with their former activation patterns, they
~retain their typical contractile properties (L¢@o et al.,
1974; Saimons and Sreter, 1976). However in these sgudies,
all motor units in a muscle have had the same pattern of
activity imposed on ‘them. The activity of individual
motoneurohs is presumably influenced sttongly by their
relative position ;iﬁhin the excitability hierarchy of the
motor pool. Therefore it is;ﬂ gficult to assess how the
typical activity paﬁggfns of ¥ndividual motoneurons ~affect
their muscle properties,. espeéiallyﬁ when ' ragge of
resgonsés of  the p§pulation of motor units in a muscle 1is
viéggd. ) lA’ |

- After muscle teinnervati/‘v. fullrrecovery of mofoneuron
and synaptic gdntacts 10cgszs 4s weli 038 apptdbriate
reorganizatipn of ﬁotor unit p:operfies;‘The mechﬁnisms that
operaté. normally to organize these, elatiohshipg"ahh -lihk

A\

. ’ o S
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them to the excitability of the motoneurons within each p&ol
still appear to act after cémplet% nerve section and repair.
Yet, after such ay injury, there was n6 evidence to suggest
that the destination of the motor axon altered the
motoneuron activity patterns during vdluntary movements Or
in a spinally generated behavior such as’ locoﬁotion. Each

motor pool still seemed to operate as a functigpafoh??*\in

/‘/

. . . . A
that motoneurons were recruited into &ction in an orderly .

manner even though the pool wés anatomically dispersed 1in

the periphery by misdirection of axons.:
) i > .

When thé lack of cificity between‘ﬁé?VE‘~and“_musﬁle
connections following reinnervatién is compared to the
precise paﬁtern of connectivity formed during development,
it would seem that the mechanisms controlling these pattern
formations during development are now lqst. Admittedly, the
developmental . environment ié very diffeéent from that
fol;oﬁi%g nerve section and repair,‘ but find;ngs ‘in fhis~
area could have important- implicafions following nerve
injufy. With current biochéaﬁcalb and immunocytochedical
techniques, it wbuid seem possible that the cellular and
molecular nature of the developmental cues which constrain
v.aﬁd direct akon outgrowth*coulé be defined. 1In the adult,

these -developmedtal cues could be important., Neural cell

adhesion molecules have been found on muscle fibers of

patients with denervéting diseases. These types of molecules‘

-are "glso transiently expressed on embryonic myotubes

(Cashmani Covault, WOllmanrénd Sanes, 1985). Alternatively,

\\

/
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such cues may be too weak to be effective, not activated in"
response to injury. or simply inappropriate.

. . A
To conclude, it would seem that the size principle of

motor unit recruitment can be re-established after nerve
section in humans, if motor axons innervate their original
muscles or ones with closely synergistic functions. However,

substantial misdirection of motor axons occurs despite

careful resuture of fascicles within the nerve. This
4 , t
obscures the orderly pattern of recruitment for one muscle

or one motor pool. Recruitment ordef in any one reinnervated
muscle' will éepénd on the activation of motor uqits from
different motor pools which formerly executedﬁgaiﬁﬁerent
movements. Therefére, it is clear that misdi}éction of motor
axons during reinnervation is a clinical as Qell as a
vphysiologicakiggbblem, despite the impreséive reorganization
of motor unit properties after reinnervation of mﬁscles with

"synergistic functions that was demonstrated here.
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