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'ABSTRACT. . s -

During walking (4 km/h), ‘ghe‘gmplitude of the

Solehs H-reflekzweerstrongly modulaﬁed}‘ It increased

progresszvely durinyg the stance phase, reaching its
gﬂb« - .

i maxxmum\&he*ue at about the t1me of the peak Soleus
" |

EMG. It then abruptly‘decreased at -the end - of
stance phase. The H- Teflex was usually'Tf .
emall' during the swing' phase. -~ The e&t er ,of

Ld

modulation was qualitafivély similar during running (8

km/h).  However, the reflexes obtained quring running
were significaetly smaller than‘those obtained during
walking. Furthermore, the slope of the line £1tted to
a plot of H- reflex amplltude vs the, mean value of the - o
background- Soleus EMG was alyays steeper for the
?welkiné data than for the running data: The H-reflex
- was also investigaﬁed in a postural task, raeging from
~quiet standing to shifting progressively more of the

bady weight onto the experimental leg; Dﬁrlng~ quiet
'§tandiﬂg, despite ‘a smaller leve + of Soleus ‘EMé'
| activity the amplitude of the H-reflex was 3-5 times

-greeper,than that during the early part of stance. In

fact, the H-reflex was greater, ~at the same level of

‘Soleus EMG activity,‘ in the postural task than during ]
. walk{?g. From these_findinge, iF is concluded that

the“_ CNS ;can control the efficacy of synaptic

ro S ' v



transmis]iop between . the Ia-afftfqnts and the
- motoneurons, independently of qhe level of motor
activity. This would allow for the adaptive conjiwol

-

of the stretch reflex stiffness.

A computer model was developed to study the factors
that can affect the amplitude of tpe monosynaptic
reflex, It was found that;presynaptic inhibition is
" the only mechanism that can alter the size of the
monosynaptic reflex indepéndently of the ,6level of
activity' in the motoneuron péol; This finding was
confirmed by experiments done iﬁ the cat.

The Soleus motor actiyity, as measured from the
intramuscular EMG, can be inhibited at all times
during the stance phase of walkiag, .aé well as during
voluntary tonic activity. Therefore, the la-
interneurons prOJectlng to the Soleus motoneurons are
"not shut off d&r1ng activity of the Soleus motoneuron
pool. -Mo;eover, there was no diffegence in the

efficacy of the inhibition in the two tasks.

vi -,
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I. INTRODUCTION

The study of phy51olog1cal systems can be v1ewed as

.con;1st1ng of analys1s at four d1fferent but strongly
¥y
ylnterrelated levels. The structural organ1zation of

a

-the system,. ranglng from class1cal anatomy to studles
. o/
‘envo1v1ng 1mmunohlstochem1cal 1ocallzat10ns of cell

groups,ndls at the most ba51c level ‘With regardsuto

_them nervous system thzs nncludes 1dentific§tion of.

:the major fubd1v151ons, the pathways for afferent and

.

efferent , act1v1ty and those 11nk1ng the o major

_subd1v1s1ons., | .th details  of cell types, their -

A_1nterconnectlons - in a’ network and possible-

,neurotransmltter ‘content are provided by var1ous(/

g
- v

hlstologlcal techniques.' The next level of analys1s
'con51sts : ofh 1dent1fy1ng ,e- ba51c g phy51olog1

m'processes that underlle the activity . of the 5 'tem‘

under . study and determ1n1ng 'theﬁ_mechan1sms

‘Lthese"processes. As. an example, in the‘nervou ‘system

i

nerVe' conductzon and synaptic transm1551 n- across

"nérvév cells are the oasic phy51olog1ca processes

';underlylng the transfer of 1nformat1on 1n thls,sﬁstem.

/

‘~Many years of effort have gone 1nto eluc1dat1ng the

»

"mechanlsms of .the actaon potent1al and synaptfc

= transmlss1on (Hodgkln \'1964?7 Katz,:m1969). 'gAt ‘the

‘“ijbthlrd levelf' f analy51s one. tr1es . ‘1dent1fy by

H‘-lphy91olog1cal means, usually in reduced preparatlons,

e - -

1

behind

V4
<
.
S

~
o

S



" the.- underlyxng neufal ccircuits  that subserve = a -

“.and quant1tat1ve contr1but1ons ‘do they make

'phy51ologlca1 activity. v o “ g}ng

' 2' ’

o

partlcular function. For example,'Eccies and his many
colleagues using mlcroelectrodes in the cat t‘spinal‘

cord 1dent1f1ed many of the pathways that l1nk ‘muscle

‘receptors to motoneurons as Well as the‘-types " of

synapt1c connectlons, exc1tatory or 1nh1b1tory, w1th1n

;those pathways (Eccles, 1964) ,Thls sets the stage

forﬁthe fourth level of analysls which may be'refetfed'

to as systems PhYsiologyc".Here the isghevie“the role

ytcf‘ the identified neural pathways in normal funct1on.
‘7,Questlons such as,' which of the 1dent1f1ed mechanlsms o

_operates durlng normal act1v1ty, and what qualftdt1¢e'h,

act1v1ty, are fundamental »vIn simpleftetma

: role ,of putablve neural c1rcu1ts 1n ‘a ba ticplarj ‘iff

:»,,

The Renshaw cell, the first identified interneuron

n »the‘nammalian‘apinal :cordjv(Renshaw; 1941), can

.serve as -an exampie; ThiSaneurOn receives a ‘majof'
..exc1tatory 1nput dlrectly from the axon collaterals of
~motoneurons and - turn monosynapt1cally 1nh1b1ts
vhmotoneurons, thus mak1ng a recurrent negatlve feedback

5type -bt ﬁconnectlon w1th the motoneurons (Renshaw,

-1941; Granit, '1972), ‘Because thelRenshaw cell axcn

-

branches :exteneivery to innervate wideiy' sepa&ated

motoneurons and does not usually contact - "the




PR ‘ : _ | .
| hotoﬁgﬁﬁoﬁﬁﬂﬁhat synapse upon them (Granit, 1972) one
.mey‘ ask  whether cheir ~role during mainteinedv
contractlons is. = to overcome the poss{ble
synchron1zat1on of moﬁoneurons and hence reduce*’the
;endency for tremor. . Some evidenze for this has been

obtalned 1n reduced cat preparations (Adam, W1ndhorst

and Inbar,  1978) and certarnly warrants ,further‘

1nvestlgat10n Hurlng voluntary contractions.

The‘ varxous studles contained in th1s thes1s were
w .
‘ all attempts at understandlng the - functxonal role of

”
. varlous basic Splna ‘cord mechanisms during natural
: b . ;

~” : ] . \ . ; .
“motor .tasks' such a walklng, running and standlng.

The empha51s is placed on the term natural motor , task
or act1v1ty, because/as happens all too often in motor
Physiology the  task "1nvest1gated is somewhat
contrived;; Conclu51ons derived from such studxes may

e

.not, therefore, have general‘ appllcablllty. ‘In
‘kég re 1.1 the basic splnal‘cord‘circuits that are the
subject of this thesis are shown. The diagram
‘represents a sUmmery‘of dnat ie~known-based méinly on

studie's of the cat spinal cord and to some ‘extent thft.

of the monkey (Baldlssera, Hultborn, and Ilert ‘
Jankowska, Padel . and——Tanaka, 1976) ~ The bas1c
connections shown 1n the dlagram are descrlbed below
~and some ideas on‘ghe pOSS}ble funct;Onal significance

of each circuit are presented. Following this, a o
. 4 . R s T



mére: detailed discussfcnof~the;péth+ays~
been ditectly investigated in the Qfesenttst
given. ,
B ’.. . v | _ ,
‘The basic spinal cord motor circuits

The monosynaptgc'nafufe‘of the . connection between
the Ia muscle affefénfs énd the motoneurons was fi;st
»demonstrateéiny.Lloy¢ (1943)-. It was ;atef confirmed
by int;acellplar'fécordings from mbtonéurons (Lundberg
and Winsbury, 1960). ‘ThisHC6nnection/subserVes £he
well known stretch reflex, but as discussed below it
may nbt-bbe the only pathw§y contributing gd ?Ehe
stretch.reflex. -Anvencellent historical ac¢gunt§§£
the work ‘done on ﬁhis ‘pathway’ starting w&;h{5g£§'

discovery of the stretch reflex by Liddell an

Sherrington is given by Matthews (1972).  The
clear -demonstration thatlthe Ia afferents may
m¢toneurons ‘via polysynap;icn pathways'was made
Hultborn ét al. (1975). These polysynaptic
connéctions hay account for such phenomena. as the so
called medium latency stretén reflex responses (M2)
and the tonfc vibration reflex :(see,c Baldissera,.
Hultborn  and Illert, 1981).  Related to these
vﬁolysjnaptié' connections, it was ghown that in the
human - the ri§é timef of the bmonoSYnapEic epsp in
motoneurons, in ‘responée to an électrical .nerve'

stimulus, may be re;atively slow, about 2.4 ms (Burke, .
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Gandevia and MRKeon, . 1984).  These authoie ,ﬁave,

argued, therefore, that the relatively prolongedl'
. ™» L

duration of the monosynaptic epsp allows for . possfﬁle3
1] P . . .
‘oligosynaptic inputs to affect the motoneurons before
- ' ’ ' . . ' A . -
they reach threshold. . This suggestion is examined

further and evalugted in the ge eral diecuséﬁon.

!

Finally, ‘ fhere may be an autogenic 'nhibitory effect
frou the la afferents to the’mofoneurons;mediated by a
d1synapt1c or trlsynapt1c conuectlon (Fetz, Jankowska,'
Johannisson and Lipski, 1979).

The moboneurons have collaterals that innervate
small inhibltory interneurons, located in the ventral
horn, which in - turn inhibit motoneurons (Renshaw,
1946), | Tﬁls recurrefgt inhibitory pathway may have
several: functional;roles}- As already d1scusseé_# it
may‘ serve to' desynchron1ze the dischargés of
‘moto eurons‘(Adam et al., v1978),':as'well as to slow .

the ischafge rates of the motoneurons:(Granit, 1972).

Hultborn, Lindstfom, and Wigstrom (1979) hypothesized
that the Renshaw cells,. which are under suprasp1nal
control, - may also contribute to the" requlation of the
mo’or output as follows. If the gain of this pathway
‘ hlgh that is the Renshaw cells are very exc1table,
en large varlatlons of the supraspxnal input onto

motoneurons w1ll produce © relatively small

@ar1atlons of the motor output This would allow for



lal

Figure 1.1: The basic spinal cord motor  circuits.
The ‘alpha motoneurons are labeled with the symbol Rar,

the Renshaw cells are labeled with the symbol "R".

The .Ia inhibitory interneurons_are ghoﬁn in selid

-black, ptesyﬁaptic inhib{;ion o} the la terminals is

labeled 'as "PRE". Inhibitery fontacts are shOwn_'as

4



Pl

L4
.

small black circles, the excitatory ones are shown as

a forked bifurcation. The diagram shown in part C is

¢ S

symmetrical, but only the connections on the right

'side are shown in their entirety for clearness of

illustratipon. The . details of the diagrams are

described in the text.

<

O
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the very fine codtéol of the motor output. If, on the
other’ hand, the gain of this patﬁway is low, ‘then
lirgév%variations of the supraspinal ihput onto the
motonédrons 'will produce relatively large ' variations

in thé,mbtor output. ‘Thiixzsyld allow fo; high levels

- of fgrce'output when needed.,. 1In aédition, Renshaw

cells inhibit the-Ia inhibitory interneurons _that

project onto the antagenist motoneurons (Hultborn,

Jankowska and Lindstrom, 1971). The function of this
,inhibitory connection 1is not known, but clearly it
LRS- o .

would . tegd to reduce the effectgveness of the

\ _ | :
inhibition-pf antagonist motoneurgng in parallel with

¢ A

the level of motor output. This isdue is discussed in

detail in chapter 5.

The other two major pathways shown in figure 1.1,

are the presynaptic inhibition_of the 1Ia terminals

within the spinal cord (Schmidt, 1971), and the well

knéwn Ia ‘inhibitory interneurons projecting to the

» ‘motoneurons (Eccles, 1964). Presynaptic inhibition of

the Ia afferents may be produced from either

supraspinal  stuctures, such as- the red nucleus

] . ' ¢ . C . .
*(Rudomin, 1980), or as a result of activation of other

groups of afferent fibers. For example, stimulation of
Ia afferents in flexof nerves presynaptically inhibits

Ia afferent termiggls of’ extensor nerves (Schmidt,

) 4

. 4 | a
fB{;; Eccles, 1964). .
'“ sues pertinent to the work done in this thesis

T
h )



concerning the monosynaptic pathway, the disynaptic
inhibitory pathway, and the presyhaptic
pathway(s) are further discussed in the next

sections,

The monosynaptic reflex connection

(Ia) spindle afferents and the motonedrd~f~
in&eétigated as an Vexample’ of inté%"ﬁtion
information in the CNS, specifically the integrafion
'of descené&ng and afféggﬁt inputs to the motoneurons
/(Lloyd, 1941; Phillips and Porter, 1977). ‘It has also
served as a model system for the study of éhe\
mechanisms of synabtic transmission in the Umammélian7
nefvous system (Eécles, 19547 Mendell and’ Henneman,
1971). The stretch reflex pathway(s) has also been
extensivély'studied from thgwﬁunstional point of view,
that 1is what rolé it mathave dqring motor acﬁivity
(Liddell and Sherrington;:3924; Mérton 1953; Matthews,
1972).
Two Qiews on this'pathway stand‘éut in my mind,

'y

a negative

First, although it can be reqgarded a
feedback pathway tending to, oppose chjnges in muscle
length due to internal or external pertwyrbations, it
appears that it does not have sufficidnt gaiq,i}:i‘)f/
more correctiy stiffness, for it  to rk as an

effective position servo-system. The best e

»
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on this was done by Peter Mattheys several years ‘ago'
(Matthews, 1959) in the” decerebrate cat, a
preparation with a.good stretch reflex compared to
other common preparations. He.meaeured the stiffness‘
of the soleus muscle  from tensioh/exfénsion”
measurements and foufd it to be rather, low}
Typ1ce11y, the st1ffness measured in response to large

y"'

slew stretches was 75-90 g/mm or some 5% of makimum
te;aﬁ1c tension for each m1111meter of stretch. Values
up to 200 g/mm were also observed. However, when
small stretches are wused. (0.2 " mm) the measured
.stiffness is some 400 g/mm. Thus, the stretch reflex
behaves in a manner reminiscent of the  Ta-spindle
ending which possesses a markedly”greater sensitivity
to small stretches as opposed to large ones ,(Matthéws
and Stein, 1969). |
| It appears, thereforee' that the stiffness of the
stretch‘peflex is low to ﬁoderate. However, it should
be noted that despite this it can nevertheless
generate '; substantial amount of tension in response
to a large stretch especially when compared to what
may be reguxred in a motor act - such- as walking.
Allum, Maurltz, and Vogele (1982) have attempted to
measure in normal humans tﬁe contribution of the short

:Jatency (approximately 40 ms)'stretchlteglex response

in subjects instructed to resist- dorsiflexing torque
‘ﬂ‘f ! q




] 1"
‘applied to the foot. They found that thé torque
produced. by the séftt latency stretch reflex response
was about 5 Nm, This represents a moflerate amount of
muscle tension when the torque to force convegsion is
made. Walking is an energetically efficient motaQr
activity requiring small levels of muscle activation
despite - ' relatively large limb displacements
(Basmajian, 1967; ﬁinter and Robertson, 1978; Pedotti,
1977). Thus, the small to moderate cont}ibutions made
by the stretch ref ex.may be sufficient to assist
locomotor activity. | |

In cqptrast to the view that the short latency
stretch reflex may be useful in assisting locomotion,
Dietz et al. havé reported that this reflex response
may be absent 1in normal. humangh during locomotion
(Dietz, Quintern and Berger, 1984). They attributed
their observation to a suppression of the monosynapﬁic
pathway. This is contrary to the findings reported ‘in
this thesis.% In chapters 2 and 3 it is shown that the _
monosynaptic refiex pathway is not shut off during
locomotion, in fact it is strongly modulated in
ampf?tude durinqx£yé step cycle. The fact that this
reflex is strongly'modulstéd ‘during the locomotor
cycle may account for the observations of Dietz et al.
(1984). In their study, the stretch of the ankle

extensors is applied at the moment of heel contact.

As/ will be described in the following two chapteré,
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"the sgensitivity of the reflei is low in this phase of -
the steb cycle and the ankle extensors relati&ely
slack. Both of thes§ factors mitigate obtaining
stretch reflex responses in that phase of the step’
cycle. A perfurbation applied later in the step
cycle, when  the sensitivity of the reflex is
relatively higheri should produce an obsérvablenreflex
response. This argument is strengthened by the
dbservatidn that the same perturbation applied during
quiet 'stand;ng is followed by a short latency stretch
feflex‘ response (Dietz et al., -~ 1984). As will be
shown in chapterlz we have found that the se;sitivity
of the monosynaptic reflex is very high. in th1s task.
The otheg clear observa\txon in Matthews' stxﬁ?\ was
that the muscle under stretch reflex control bkhaves
very much llke an 1dea1ls ring (i.e., a spring of
constant stiffness at all extensions). This point was
later emphaéized by Nichols-land Houk who showed that,
in addition, a muscle under stretch reflex contrdl
behaves symmetrically to stretcb,and reiease (ﬁichols
and Houk, 1976). The linear and symmetrical“ﬁ.e., no
hysteresis) behaviour of muscle;ﬂﬁder stretch\ reflex
control may ease the required neural control. >What I
wish to emphasxze is that the stretch reflex prov1deé

a mechanism by which the stiffness of the muscle

- whithin this closed loop may- be modified independent
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of the level ok motor output. . This would allow the
stiffness to be 'set to a value ;pproprigte to the
motor task. For example, increased stiftness in a task
such as st(ﬁdxng where position needs to be
controlled, and greater compliance in a task.such as
walking to allow for a fluid stride. . In addition
adjustments of the stxftness of the extenlor; would -
provide a sort of tunable suspension for shock
absorptibn' during- locomotion, which is "clfarly
important in running and  downhill walking,
Furthermore, the value at which the‘stiffness is set
will determine the extent to which ia afferent
activity w1Jl contr1bute via the stretch reflex
pathway to the ‘total motor output. It should be noted
that the view ptesented herg, that the reflex
stiffness of a muscle may be modifiedh_té;'suft _ the

requirements of the motor task, is quite different

from that of Nichéls and Houk (197¢). They suggested

) that the muscle stiffness was regulated in- the same

sense that position qr temperature are regulated in a

suitably designed control system. In other words, in

‘their view, the function of the streth reflex was to

insure that the overall stiffness of a muscle doeg not

aepart from a set level. In fact, Heuk (19”6)'argu§d

"that this set point wasé:j:jfant and invariable at all
levels of motor output {ges’also Berkinblit, Feldman,

and Fukson, 1986).



. This | br;ngs us to the Second po1nt, the;'stretch‘“

ow A

reflex,‘ eSpec1ally 1ts mondsynaptlc componéht has"

t‘tradltlonallyt;beens»yiewed as a stereotypedj responsev’

1ith littlé'or noVSCGpe'forfmodificatfon.' Indeed, it

fhas' -been hypothe51zed that the adaptlve ‘capacity of;-'

“the organ1sm to respond to muscle stretch produced by,-

'ﬁa, perturbat1on to a l1mb 15 due to ' transcortlcal

tfloop 1nVOIV1hg fthé; motor cortex (Phllllps,- 1969-

jf_“fW1esendanger, Rueggr and Luc1en, 1975) . To date there’}

is n general agreement that such a transcortlcal"”

reflex 'operates durxng natUral condltlons (Darton et.7

ftal 1985 Matthews, 1984 -Houk 1978) althoughtthe

"tconnectlons are known to ex1st (Cheney and Fetz 1984

SR Ph1111ps et. 1,‘. 1971-‘ Hore, et. al, 1975) I” fact

‘f‘!here is*;no good ev1dence that the 50 called ﬁlong

Hfslatency" ’responses vfar modlflable on a’ moment to

'\tfcmoment baSlS (see for example Houk 1978 Marsden et.

'ai;['1978) ‘ One of the major p01nts of thlS the51§ 1s'

s

y*ff_that Qbe above v1ew 1s 1ncorrect. ’ The short latency *

€

°?7ﬁ75fessent1ally monosynaptlc responses are modlfxable by a'

*central mechan1sm,-'onj a. moment to- moment ba51s

4

mf*}:1ndependently of the 1evel of motor act1v1ty, and they

,;A;Q\ jspec1f1cally | adapted ﬂntdg thev motor task

}?Furthermore,. the changes in the amount of presynaptlc
3#f1nh1b1tlon actlng on the Ia afferent termlnals 1n ethe
_Eth pr1mary central '-mechanism

%

C e

D v‘
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respon51ble“'for this adaptiVe capacity, Fus1motor 9;

)

”act1v1ty, as tw1ll be dlscussed 1n the*body ﬁOf the

the51s, would tend to. relnforce the central effects.
Thus, such -a capacrggltp.control the efflcacy ,of’

?synapglc transm1551on between the la- afferents andulhe

“.'motoneurons,‘ on a‘SLment t hﬁoment basxs,:would allow

‘\
U o P 3’

gfor‘fthef adjus;ment of the stlffness of he. stretch

reflexh'to a' value approprlate to .ey-motor task ' L

‘Inaééa* thls may account for such observatxons as the,f"
: s
1ncrease of stretch reflex stlaness 1n man when the

\l

motor task 1nvolves stab111&1ng*the pos1t10n 4of an

unstable‘ load (Akazawa,‘ Mllner,. and '§te1¢fy ’983).ﬂ”‘v 3

‘ Furthermore,; 'thlS» .adaptive ‘benefrt; wousd g . be

delayed by hav1ng “to” traverse long -looé paxhvgysf Ll
v(e g.,,transcort1cal) - o R SR
The‘diSynaptic’inhibitory pathyay'v y“'l?. L |
b_ Thef. well - known short latency. inhlbitign[ ‘ot
motoneurons Aby.‘ electrical stimulationf of « the
oantagon1st nerve (Lloyd 1941, 194é) has been shown by’
‘ Eccles and colleagues (Araki, Eccles,“and‘Ito,"IQBOF
~Eccles; 1964) to be due. to\an 1nterneuron 1nterposed
hetween the Ia- afferents and the motoneurons of the
antagonist muscle. - Thls was contrary to the view of
thyd that ‘this 1nh1b1tory pathway was. monosynaptic.
Eccles in‘ hlS book the "The Phy51ology‘of Synapses

;(ﬁccles, 1964) summarlzes the ev1dence obtalned from a
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'Jseries of. experiments showing that there exists an
1nterneuron 1n this 51mplest of 1nh1b1tory pathways of-
the mammalian CNS. Briefly, the Ia 1psp has a time'
gourse comparable to ‘that of the 1nh1b1tion of reflex
) discharge (Brock ~ Coombs, and" Eccles, ‘1352), vthe
-latency of the ipsp is 1. ms longer then that of the
epsp.'mFurthermOre,’this létency is eomparable to €het‘
ef the first detectable 51gn of 1nh1b1t10n of ventral
root reflexes (Araki, Eccles and Ito,_1960) The next
‘major progress was the finding by Lundberg (1966) thatA
. lthe‘ Ia- 1nh1b1tory 1nterneuron was ‘unget; supraspinall
.control. ‘This led to the hypothesis.fgf\\fa—linked
inhibition" WEerebY:'activetion of motoneurons wasi
linked‘.to the‘ simultanebus. exeitatioh :of‘ the Ia
inhibitory 1nterneurons pro;ecting to the motoneurons
of the antagonist muscle( This hypothe51s 1mp11ed
3ipotentiationl of 1nh1b1toryf action at this synapse'
‘,pteceding as well as ddring‘a movemeht 'Support for
this hypbthesis ‘was obtalned in the early ‘seventies
(Taneka, 1?7@) in[experiments'on the ankle musculatugg
of human‘subjects.  Howeye:, ‘recent reexamination of
this issue hasifailed'te_confirm:a potentietien ot the
inhibitory action ‘ati.thisi synapse M_accompényihg
vdluntary ‘actiVation, of the ahkle' extensors (Iles;
v1984;‘¥Crone; Hultborn and Jespersen 1985) . 'This
?\‘i55ue is more fully discussed 1n the fifth chapter of

this the51s.‘
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Another <:portant point on th1s pathway is that all
. b °

‘the - known 1nh1b1tory projections onto the Ia

inhibitory" 1mtarneurons are from other inhibitory
X . . rd .

interneurons in the spipal cord. There are no known-
R ; .

raspinal~inhibitOry conngctioné onto the Ia-.

intern rons. They are 1nh1b1ted by Renshaw cells . =

whose motoneurons receive the same la-afferent 1nputa
Voo )
They are also 1nh1b1ted by the Ia inhibitory

interneurons associated with the motoneurons® of _the

’ N : i M N . g -
antagonist muscle. ¢ This is referred to as mutual

inhibition of opposite I%m\inhibitory interneurons

(Baldissera,  Hu1tborn and Illert, 1981). The ‘two

interneurons  providing inhibition onto - the Ia

,inhibitory interneurones are under supraspinal

control, . thus,allowing for the supraspinal inhibition .

of'Ia.inhibitory interneurons.

The presynaptic inhibitory pathway

The literature on presynaptic'inhibition in -the

~spinal cord 1is extensive (rev1ewed by Burke and .

Rudomin,'~1977; Ruddmiﬁ, 1980) and goes back to Barron
and ‘Matthews (Batfon‘ahd Matthe%ﬁg; 1938) wuo studied
the‘;:elated phendménon_of dofsalAtqot' potentials in
the frog épinal cord resﬁlting t:om high frequency
stihulatipn af afferént fibres. Here I want to make

thfee points on - this mechanism that controls tHe

efficaty of synaptic transmission. \
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The first is that it can produce its effects

sufficiently. rapidly to be capable of modulating

‘reflex transmission on a moment to moment basis. For

uwexample st1mulat1on of flexor group I flbres ptodgpeé

tw1th1n a few milliseconds presynaptlc inhibition of

extensor group la-afferents (Frank and Fuortes, 1957)

the same 1is true when presynaptlc 1nh1b1t10n of

X/;kferent fibres is produced by suprasplnal structures.

(Rudom1n, 1980) . The seabnd point is that presynaptic
1nh1b1t10n can be very specifically d1rected onto

certa1n types of term1nals at the exc1u51on of others

{ [}

~which are in the same v1c1n1ty. For example,

vestibuldspinal fibré_ﬂ terminals projecting - to

motoneurons are adjacent to those of the la-afferents

since  the interaction between théir epsps in the

‘motoneuron soma is nonlinear. Stimulation of a flexor
nerve at group I strength produces  presynaptic

inhibition of.thk Ia- afferent fibre termlnals but has

no effect on those of the vestibulospinal fibre

been shown. for presynaptic inhibition of terminals in

ey

terminals (Rudomin, 1980). This specificity has also

the sp%nal. cord produced by .'supraspinal structures:

such gs~the'red.nuc1e05,' Deiters's nucleus, and the -

sensorimotor cortex (Rudomin, 1980). The speed and

specificity of. action are due no ddubt to the

A

existence of specific interneurons . mediating

2

O



presynaptic inhibition (Jimenez, vRudomin, Solodkin,‘
and Vyklicky, 1984). - . Finally, }i during a néturala
[ ’ i

- . o
motor activity a change in reflex ‘transmission is-

" found to be due to presynaptic inhibition, the source

of this inhibition may be of either central or
peripheral origin.
Reflex activity during locomotion

The modern view on the generatxon of - locomotor

act1v1ty in the mammal has been summar1zed by Guhllner
§

-in three recent reviews (Gr1llner, 1985; Grillner and

Wallen,,1985 Grlllner, 1986). 1In Grillners' view the

‘basic locomotor pattern, that is the t1m1ng‘relat1ons

between the act1v1t1es of the various muscles, is
produced by ‘a so called central pattern generator
(CPG) located in the spinal cord. . The CPG can,

apparently in the total absence of afferent inputs,

ﬁproduce appropriately timed motor bursts in the

various muscle groups., Grillner, ‘however, has

repeatedly stressed that in the intact animal the

. Observed locomotor pattern is a resultant of both

i
qéntral and per1pheral factors actlng in concert A

clear. example’ér how afferent act1v1ty from - the .leg

-

can influenc the motor output ,is provided by the
i 't e pro x

entrainment of locomotor rhythm produced by hip
. ’ L
afferent. inputs. During normal locomot1on in .the cat

| .

if the hip 1is prevented from extendlng dur1ng the
. / ) )

o
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eariy.paﬁgg of stance the discharge of all leg

extensors is prolonged wuntil the leg is released
(Grillner and Rossignol,: 1976) If on the otHer hand
the"hip Jo1nt is extended in the same phase the leg
will flex and this at about the same hip joint angle

as would occur naturally. Furthermore, in the

"-‘ . ‘ N . . . [
cdrArized fictive locomotion preparation, 1f the hip .

W

is 'moved s1nu501dally by an externally applied fbrce

the f1ct1ve motor pattern is- entra1ned by the applied

I

hip movements (Andersson and Grlllner, 1983). Loading'

the caﬁ during the stance phase ‘produces enhanced

swiné phase;. .convgrsely, udlogdinglfhe animai at the
end of stance promotes limb -fiéxion (Duysens an

PearsonT'-1980). These(eiémples clearLy‘ demonstrln

 that._afféréht inputs can directly influencé'the CPG.
They serve to reinforce fhe\poing that the patt;rn of
motor output observed in the intact animal is a
»»reéultant of both central .@ct1v1ty and movement
kfelaﬁea feedbaék These ideas are in agreement WIth
those of Pearson (1985) who argues that the %fncept of
a CPG 1% misleading, since the motor output pattern in

the intact animal may he different from that in the

deafferented animal. - He shows that in locust flight

and cockroach locomotioh.the motor outputfis different

1

in the“vintact animal compared to the deafferented

preparation (Pearson, 1985). Inj particular, the

o

extensor activity and delays the initiation'.of the

Y

£
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timﬁng relations between the “motor .bufts of the
various muscles is altered in the deafferentéd animal.
In these two systems the concépt of the CPG as
described by Grillner is not applicable (see, Grillner
and Zangger, 1975). Whether the concept of a CPG, as
an entity in thé‘spinal_cord that can appropriately -
time the motor outputs to the 'Various locomo&br
'musglés in the absence of peripheral feedback, ‘isif
~applicable to the human is not known. This is,
obviouély, of scientific as well as clinical interest.
The céuntefbarﬁ of the above pﬁenomenon, namely‘the
selective ncoﬁtrol by the CPG of the effects of
afferént inpﬁts on the motor output, has also been
observed. 'For exaﬁple, if the foot encounters .an
obstacle during.the swing phase, that is when it isiin'
the air, this results in hyperflexion of the leg so as
to pass over the obstacle (Forssberg, ;979). The same
stimuius during the stance phasé»does not cause a  leg
flexion as this might céuselthe_vanimal to fall.
Instead, it increases the extensor activity presumably
_until the other leg is placed on the ground. This-is
a classic exémple of the central coatrolb of the.
effects of afferent.input on m6Eor output.
. The above éXamples involved :5: the most part
afferent inputs - from joint and skin afferents. The

effects of .fhe Ia muscle spindle afferents on the

C
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motor output\‘during locomotion have been much less
studied. In,\gsnéral, the reflex effects of the
cutaneous and jo}nt afferents influence the timdg of
locomotor activity. Tn contrast, muscle afferents
influence the'a@blitude of locomotor activity, and may

_in addition have some effeét in determining‘the exact
4d#;$tion of q"motor burst depénding on »thé exact
;inematic evenﬁél as will be explained in the final
chapter.of this thesisfl However, like cutaheous and
joint influences.on thé locomotor output, those of
muscle afferents mus 1also be regulated by a central
“@‘ mechanism(s). Referring to extensof muscles of the
leg, a sﬁretdh reflex would reinforce activity during
the stance phase, where these muscles yield under the
weight of the' body, whereas it would oppose the
flexors during the'swing phase when the extehgofs are
stretched by the flexor activity {Akazawa et. al,
1992; chapters 1 and 2). Prior to the present
."?&?d‘iés only that of Akazawa et al. (1982) had
systefnatically investigated the reflex effects of Ia--
spindle afferents during the various phai;s of. the
locomotor cycle of the mesencephalic cat. This thesis

takes its origins in part'grom that initial study.

Outline of thesis
"The chapters of this thesis are ordered in a

logical 'sequence rather than in the chronological
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sequence in which the experi ts were -done, Each of.

the studies described in the following chapters was
done to answer one or more of the following questions:
1) Is the shart latepcy,' essentially monosynaptic,
reflex fesponse of the soleus muscle modulated in
amplitude'dqrfng the step cycle?

2) Is the modulation sp:cific to and of functional
importaqce for the task being per?bfmed?

3) Can the amplitude of this reflei‘ be controlled
independently of the level of motor activity?

4) 1If so, what is the mechanism(sg)?

5) 1Is the segmektal inhibitory pathway (Ia inhibitory
iéferne on pathway) to the soleus motoneurons shut
off during eir active phase in the locomotor cycle?
What 1is the quantitative relation between the amount
of inhibition and thi amount of‘@otor activity?

The results obtained in answef to the first three
questions are contained in the next two .;hapters. As
mentioned above my interest was‘ in identifying a
tentral factor that may be responzible for any
possibie reflex modﬁlation during -‘natural “motor
activities. | Therefore, exéerimental manipulations
such as stretching a muscle produce fesponses that
depend on the state of the fusimotgr system and hence
the sensitivity of the musclé spindles, a peripheral

c . . . -
factor. Electrical stimulation:  of a nerve: was

therefore used since it is largely . independent of

- i
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peripheral factors such as the sensitivity of muscle
spindles (see Chapter 2 for further details). - Thus,
the monosynapfic reflex was elicited in humans by
applying an electrical stimulus to the tibial nerve
and recording the direct muscle response (M-wave) and
the subséquent reflex response of the Soleus (H-
reflex) electromyographi‘&a'lly.‘? .The Soleus muscle was
used for several pﬂys1olaglcal ;nd methodolog1cal
reasons, It is a major ankle exéensor and thus is one
of the most important mus;les providing forward thrust
and lifting pf'the body dufinainormal locomotion, It
also has a well .developed stretch reflex which
manifests itself in gn easily obtainap}g, H-reflex.
Finally, Qné can record the electromyograpﬂic reponses
,0f~ this muscle‘in relative isolatioh from those of
other ankle extensors (Hugon, 1973)." The method was
first developed by Hof fmann (Hoffmann, 1922), . hence
the ‘designation Hoffmann reflex (H-reflex) in ~his
honour. It has been used to test the so called
excitability of the motoneurons under either resting
conditions, preceding voluntary activation of the
~ankle extensors (Kots, 1969; Paillard, 1959) and
du;ing tonic ‘contract' ns iﬁ the sitting position
(Gottlieb, Agarwal,va d Stark, 1970).

Until the preseg study, and exéept for a short

dbstract (Garrett et <, 1984) and a short paper
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(Morin éﬁ Al., 1982) it had never been used‘to study a
natural, dynamic, motor task. The_téchnical details
cdgzgrning its application during human locomotor
activity are fully described in the various chapters
of\ this thesis. It 1is often suggested that the
téchnique.tests the excitability of the‘motoneurgns,
whiéh is a factor intrinsic’ to the"motoneurons
themselves. The method inevitably also tests for the
state of‘transmission Setweén the Ia-afferents and the
motoneurons. Furthermore, as will|rbev described in
éhapter 4 the method may in fact be.independent of the
intrinsic excitability of the motoneurons when
} comparisons between reflédxes are made at the same
level of motor Sﬁtput. In fact, the fourth chapter is

a theoretical analysis gf what central factors
(presynaptic vs postsynaptic) may .be involved in
changing the 'input-butput relations in the
monosynaptic pathway. and thus adresses the fourth
question. It should be pointed ouf that the
conclusions reached in that study are contrary to

those in chapter 2 which were based on a qualitative .

analysis of the problem. ‘ e

o

Finally, the results relating to the last question
are presented in the fifth chapter. The state of the
Ia-inhibitory pathway to the soleus motoneurons was

tested by its effect on the naturally occurring motor
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activity, as measured from the rectified intramuscular

e.m.g., as oppoéed to the traditional conditioning/ .

test reflex paradigm (e.g., Tanaka, 1974).
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I11. AMPLITUDE MODUtATION OF THE SOLEUS §-REFLEX IN THE

HUMAN DURING WALKING AND STANDING

It was reported recently that the stretch reflex
of the soleus muscle was strongly modulated in
amplitude during the walking cycle  of the
mesencephali; cat (Akazawa et al,, 1982). Moreover,
the modulation of the ampﬁitude of the stretch reflex
was not simply a functio® of the level of activity in
the soleus muscle. This demonstration depended on
comparing reflexes oﬁtained during locomotion to those
obtained during similar levels of tonic activity which
‘occur. spontaneously in -the mﬁgencephqlif‘. cat.
Therefére, it 1is possible ﬁhat tht efficacy of the

synaptic transmission between the lIa afferents and the

motoneurons may be modulated by central neural

mechanisms independently of the level of motoneuronal

activity (Akazéwa et al.,, 1982). However, bLecause the
studf used a reduced pfeparation and relied‘ on
spontaneous changes of activit}, the utilization and
funﬁtional value of such a modulation during

voluntary activity remains unknown,

A version of this chapter has been published.
- Capaday, C. & Stein, R.B. (1986)
Journal of Neuroscience 6, 1308-1313,

39
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Does a functional modulation of the stretch reflex
occu! Jn normal human subjects, and it so, ;what is its
orxgxn? Surprls1ngly, these questions have been the
subject rof %Lly brief reports (Capaday and Stéin,
v198 ; Gartgtt et al., 1984; Morin et al., 1982).
WalkWng and sganding were chosen to investigate these
questions.ié mbre détail, because the stretch reflex
is of functional value in both tasks (Dietz et al,
1980; Dietz et al, 1979; Nashner 1976) and may be used
to a different extent in each task. Walking requires a
certain amount of compliance (Houk 1976), whereas
standing - may require a more rigid control of ~ankle
position, In priﬁciple, a modulatioq of ‘'the
amplitude of the stretch. reflex can Se;groduced by a
shift of reflex threshold (i.e., the curve relating
reflex output to stimulus input is shifted along the
abcissa without changing its slope; Crago et al, 1976;
Houk, 1976, 1979) or by a change in reflex sensitivity
which would‘ change the slope of the input-output
relation, These two possibilities may result from
qu1te different neural mechanisms.

There are obv1ous technical dlfligult1es in
applying, during walking, perturbations that would
stretch a muscle group of a- normally moving 1limb,
However, ‘kkazawa et al. (1982) found that in the
mesencephalic walking cat the amplitude of the H-

reflex angd the stretc reflex were modulated in

<3
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_essentially the same way. It was alSoxtound in this
preparation, that during spontaneous sga;es of tonic
contractions the amplitude of the H-reflex Hparalleleq
that of the stretch reflex (Akazawa et al., 1982; see
also, Aldridge and Stein:1982). Furthermore, while
the H-reflex and the stretch reflex are not identical
(Burke et al., 1983, Burke, 1984), both depend in
large part on the synaptic connections between tpo la

3,

muscle affe;ents and the otoneurons. Therefore,

the amplitude of the H- and the stretch reflex

may -have similar tempora iles during the course
of a movément or postural state, although the extent
of facilitation'or depression of each reflex may not
be exactly the same. %o the extent that the H-reflex
is less dependent on the peripheral'effects of the
fusihotor System on muscle spindles, it should provide
a better measure of any change in §ynaptic efficacy
between the muscle afferents and the a-motoneurons.
- There is, howeve;, a problem in maintaining a constant
electrical stimulus to the tibial nerve at all phases
of the step cycle, but this can be minimized_ (see

’

Methods).

In this paper it is shown that the H-reflex is
deeply modulated during walking in-humans and that
this modulation is dependent on central mechanisms of

which the levelsof a-motoneuron excitation is only one



o Y.
_¢omponeht.‘: The moduiation ié aécohpahied by‘¢hangés
A injbéth reflex sensitivity and. reflex th;éshold;
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'MATERIALS and METHODS |

EXPERIMENTAL PROCEDURES -
H-reflexes 'were obtained from#  human subjects

' during  leveél walking on a treadmill at a- comfortable _

W

speed (0.6-0.8 m/s). The average cycleiﬁﬁme was-aboutt
Wf.4 s/step. A silverl disc stimulus eleetrode’
:(dlameter of active area = 0.7 cm) was placed over the.
't1b1al nerve in the popllteal fossa + fastened to the‘
'skln w1th adhe51ve tape, and secured by a velcro strapv

'around the leg. The stlmulus ground eleétrode was

»K\‘ -placed e1ther above the patella or above ‘the, poplltear

\\.hfos

. - Care- WaS= taken 'in"the placement ,of'-

Jdlnt S1m11ar surfaée electrodes were‘,placed’
N .

over the soleus and t1b1alls‘§nter10r (T.A.) muscles

'Ito record the EMG act1v1ty. L The t1b1al nerve was
t1mulated in a pseudorandom sequence at'

that el1c1ted both .an  M-wave (direct
3 : ~ : o
a- motoneuron axons) and an -H- wave

S (refleXl;Jresponse;,‘%o sthplatlon of 1a _muscle

e

: afferents) ; The minimum 1nter st1mu1us intefval was

’and the maxmmum was 2{5’.’ Although some H-
depre551on %an,'ocCur at inter-stimulus

Iy 1ntervals in the lower part of th1s range (Tabor1kova_v

and Sax, 1969) these rather short 1ntervals were used‘”“

to m1n1mlze ﬁat1gue in the walk1ng subjects dur1ng the



‘muscle - nerve "

Emusg&e length

e .
“
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k)

course of prolonged ~ experiments. Moreover, any

. " N v‘\ . . '
potential effects of the inter-stimulus interval were

_minimized by . random1z1ng he.»intervals7 and ‘by

averaging the 1nddv1dua1 resaonses (further described
below). | o '

‘The = EMG signals of the.soieusnand tibialis anterior .
muscles, were amplified'; hlgH pass filtered ( 10 ‘Hz

RC~ fllter) and recorded on FM magnet1c tape along with

_the stlmulus markerv The data was later analysed‘on

"a computer. Because of changes nn dlstance between the

nerve and the stlmulatlng electrode dur1ng walklng,‘

'Vthe effect1ve stlmulus strength (current den51ty) was

Anot constant throughout the walklng cycle. However, by

,“.

repeating-  the experlment ‘at several stlmulus
. intensities and u51ng the M-wave as a measure. of the-

effective StlmQ}US strength, H—reflexes occurrlng» at

various phases of: the step cycle could be compared at-

'equal stlmulus 1nten51t1es. Moreover, the data were

selected from a range in which the ﬁ;reflei? was

relatxvely indebendent of the stimulus;strength”(Fig.

2,1 ) “this. range was simflar durlng walklng and durlng.

v

astandlng. . furtuer{prqblem is that the 51ze of 'the’

- EMG response to a- constant electrfcal stlmulus to the

L w

vaﬂye su@ntgﬁgantly at’ dlfferentd
'%éjnman et ale, Y§52) However, both M‘*

[ 23

‘"8nd H- waves- are affected in the same_ way, " 80

g -

.ma;ntalning‘a constagt Mfwave should largely overcome,

R
. e
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this problem.

It may be argued that a stronger stimuiuS"is"

'requ1red to produce the same M wave when the, muscle is

‘ >
_active , However, the relative refractory period'of

human nerves is between‘4~5 msec, whereas the highest

~discharge rates of soleus motor unlts is between 10-15

PgnZy

spikes/s (i.e., «~yope , ke every . 60-100 ms).

Iherefore, Only a'Sm'i"
. . i,
. R £

be refractory at any: ,tlme ’and the procedure of .

matching the amplitu'es'of M-waves as a measure .of"
stimulus, strength just1f1ed In _’fact;u an;
essentially maxlmal//M-wave ‘can ‘be":obtained even'
ng a maximum volunta%y cohtraction.

*In a second series of experiments, subjects were
nstructed‘;to maintain tonic contractions Aof the

)

"increase the level of the contractlon subjects shlfted

1

progress; ly more of thelr body we1ght -onto the leg’

used,afOr;\ xper1mentatlon and went onto their toes.
During- these'
stimuli were‘applied to thehtibial:nerve in the same
pseudorandom‘ sequence as dufingeﬁhlkipg. The whole
'range,of maintainable‘uoluntary.activity’of thersoieus

was investigated.

, f&&ﬁlon of motor units will.

soleus muscle at var1ous levels wh11e standing, To

a1nta1ned tonic contractlons electrical '

(
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DATA ANALYSIS

The data was énalyéed on@ digital computer as

follows. The EMG activity of the tibialis anterior

(T.A.) muscle was full-wave ‘fectifieﬁ, low-pass

filtered (20 Hz RC-filter), Paynter filtered (3  Hz

cutoff), and then passed'ihrough a Schmitt trigger to
genérate a pulse which served as é step marker.  An
EMG signal was preferréd as a"step"'marker because.
fitting . shoes with heel céntacts or strain gauges

could affect the walking. The large and randomly

.occur:ingfstimu1usvevbked EMG in the soleus made this

signal unusable as a step marker, so the'EMG*activity

~of the antagonist (T.A.) was therefore used.

The computer used the latency between a step marker
and a stimulus marke;’tq determine in which of 16
possible infervalsT(or phases of the step cycle) the
stimulus occurred .(a .detailed description -of _the
anaiysis procedure cén be found in Akazawa et al

“r
1982) . Respoﬁses .occufring}in the same phase’bf ﬁhe -
step cycle were averaged tpgether; The dufation of
each average was 76.8 ms from the time of stimplation,v
which was sufficient to include.fhe M-wave and " H-

reflex.” The amplitude of the H-reflex as a function

of the phase in the step cycle (16-phases) was thus . -

. obtained. As explained above, H-reflexes occurring at

- various phases of the étep cycle were groupeq for

comparison by matching the.avéraged amplitpde of - the

’
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M*wave;‘ ,

The peak to peak amplitude‘of the\H-reflex'Obtaiﬁ%dv’
in each of the 16 phases of the stép cycle was plotted
against the mean level of EMG activity in each of the
phases. These results were dompared to those obtained
"durigg steadily maintéined contractions. '
| in a few' experiments walking subjects were
videétaped. Using - a spécial effects generator the
fuli-wave rectified and sméothed EMG‘activity of the
 soleus and "T.A. muscles auring“‘ dalking, was

superimposed in real-time ' on the videotape of  §§?
walkihg‘ subject. Thus, - the EMG activity could

.
directly compared to changes in ankle angle and hence
" changes in soleus muscle length (see Fig. 2.2).

%
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»

.averaged (n = 100) EMG a;(:’t.,';,vit/y of the soleus and T.A.
muséles of the ankle dL;ring walkingﬂ. ' The EMG during
'b ‘individual s£eps waé superimposed on .a video‘régorded
. image of the ’walking subj_ect, so that the EMG could. be
céfrelateé with various k‘\’iheina"tic features of the step
cycle which aregndicated‘;iby arrows (further details
in resulfs)v Abb're‘viatiba;s_:;. heel contact (HC), foot
flat on (the ground  (FF), ﬂéel off (HO), ﬁoe off (TO),
musclefs"}’mttening\-(s)',' mujs_‘.’:"c‘_'v"le"lengthrening “(L). ~ The
backgr&ﬁnd ‘EMGQ'\ievel’w’of 10-20 vV AiS &a.inl}’ ‘
attfibuéable to amplifier n‘oiseA and perhaps some DC

offset in the rectifier circuit.

#
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RESULTS | é
~EMG Ac'r_x-v;TY OF SQLEUS AND TP.A, DURING lALKING

The fuli wave fectified; RC-filtered, and averaged
(n = 106)?EMG activity ofvan‘ankle extensor, soleus,
énd an ankle flexor, T.A., during walking are shown in
Fig. 2,2 (see also Fig. 2.4D). 1In this exper iment the
: subject was videotaped during walking and the various
étep‘markers commonly used,in human locemotion studies
were correlated with the EMG activity of the soleus
and T‘A;. muscles. The EMG activity of soleus usually
began before the heel touched the ground (heel contact
=‘HC), ‘1qcreased during most of the stance»phase, and
‘terminated abruptly just before the toes were lifted
};pff the ground (TO). After heel contact the soleu$
~muscle shortens (S) until the foot is flat on the
_ground (FF), if then lengthens (L) until the heel
comes off the ground (HO), .and finally, it shortens
"(S) between HO and TO. The length changes of T.A.
during this perlod are of course in-‘the opposite
direction, - | |

The T.A. EMG activity consisted of fwo prominent
bursts., BE‘he first bﬁrst in Fig. 2.2, was assoc1ated
with the ankle dor51flex10n vhich occurs late in the
swing phase. The second usually<larger burst began
at about ﬁhe same time as HC and continued until about’
the time the fooﬁ vas flat on the ground. 'Since the

soleus muscle was also active during this time, HC was
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followed by co- contract1on of these two an}agon:stxc
musclesd The extent of this cq:contractlon may differ
from subject to subject. Some have relatively little
Qsee Fig, 5.4) btﬁers considerébly more (Fig) 2.2,
2.4), L |

_AMPLITUDE MODULATION‘OF THE H-REFLEX DURING WALKING
The amplltude of the soleus H-reflex in each of the
Y qﬁhases of the ;tep cycle of one subject is shown in
Fig. 2 3. The flrst phase in this example occurs at
about the t1me of HC and the perlod of analysis (1.5
s) océupies approx;mately one step cycle. Each of the
traces 1in Fig. 2.3 was selected as described in xhe
Methods section. The reader should note that despite
a relatively constan@ amplltude of the M-wave (mean =
1.31 mv, S.D = 0 31) the H-reflex 1is strongly
modulated thréughout the cycle. vThe H-reflex was
small at the time of foot contact, but increased
rapidly to a maximum value and then decreésed very

- ‘abruptly after TO, " A '

In Fig. 2.4 the peak to peak (F-P) ampiifﬁdé of
 the H-refleg was.plotted againét the phase in the step
.cycle. The 'P-P amplitude of the M-wave was also
-~ plotted égainét' thé phase in the step cycle. The

average (n = 7b).rectified and filtered EMG activities
"of the goleus and T.A. are also shown in Figq. 2,%;.In

this example,_ the amplitude of the _soleus H-refiex.
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covaries directly with the EMG activity in. this
muscle.

In the example shown in ?ig. 2.4 the amplitude of
the soleus H-reflex is closely related to the EMG
activity of the muscle.  However, such a close
correlation between the EMG activity and the reflex
amplitude was ‘observed in only three of the six
suuifgts. In the other three subjects, the soleus.H-
refléx amplitude was‘stronglﬁrmodulated in amp}itude,
but the variation was not as closely correlated with
the EMG activity of the muscle. Two such‘examples are
shown _ in Fig. 2.5. In Fig. 2.5A the peak reflex
amplitude occufs'prior to the peak EMG level.

Another example is“shown in Fig. 2.5B in which the

reflex amplitude is not closely related to the EMG

activity, being high thfoughout the stance phase. 1In

. this and other subjects, the peak reflex amplitude

attained during.walking was not the maximum possibie
(see following section). Therefore, the. broad,

relatively flat reflex peak seen in Fig. 2.5B is not

-due to a saturation phenomenon.

It seems unlikely that the observed battern of
ampiitude modulation of the H-reflex duriﬁg the
yalking cycle is due to changes in the refractoriness
of  the la-afferent fibers. There are two phases in
the wélking cycle in which the Ia-afferents discharge

at high frequency and hence where these afferents may

<
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Figure‘ 2.3: M-wave and H—refleg(‘ response to tibial
nerve stimulation at various phasés of the step cycle.
The topmost trace represents the response of soleus in
the first phase of the step cycle (i.e., the »a.\}erage
of 14 responses occurring i‘n the first 94 ms after the
step ‘markér, ‘which was seﬁ for this subject at about
the time of dorsiflexion). Subseduent traces are
responses which occurred progressively later in 'che'
& ‘

step cycle. = The third trace from the bottom occurs

at about the time of TO.
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Figure 2.4: Amplitude of the H-reflex (P- P)
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show the greatest degree of refractoriness, During
the swing phase the soleus is stretched by the ankle
dorsiflexion and the la-afferents consequently
discharge'at high frequgncy (Prochazka et al., 1976),.
The s;me afferents also discharge at high freduency
during. the stance phase when £he soleus is stretched
'betweea FF and HO as the bdﬂy rotates over the ankles
(Prochazka et al., 1976).* However, during stance the
H-reflex is relatively hidhh‘ whereas during swing it.
is. low, The H:?eflex is also low in the period
between HC and FF when the soléus is both actively
contracting and shortening and therefore the discharge
.rate of the Ia—afﬁerents is relatively 1low and so toP
their degree of re%ractor@ness. Therefore, i{gqhanges
PR

“in the dégree of refractoriness wd® the only factor
P . ¢ -

. ,contributing to the observed amplitude modulation of

'#:“wéghe ijeflex, the H-reflex should be high during 1low

refractoriness (e.g., between HC and FF) and low

. during high refractoriness (e.g., between FF and HO),
but exactly the opposite was observed. In summary,
changes in the degree of refractoriness of the Ia-

bafferents may influence the ma@nitude but not the
pattern of the observed amplitude modulation of the H-

) reflex during walking.
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‘contractions of the soleus muscle at

- s

COMpARéNG H—RErLExEs'IN*TONICicONTgACTIONs,AND-WALKING

The 7amplitode of the~H-reflex;‘ o talned whlle the

_;s_ levels,

vas: compared w1th thay obta1ned durlng walklng. ‘The‘

subject rel1ed .on a chart recorder dxsplay ~of " the"

'rectlfled;; and’ . smoothed SOIehs EMG act1v1ty to

maintain‘ a stead@@contract1on at the requxred level
for a perlod of about 20 30 s. The amplxtude of the H-7

reflexes obta1ned 1n one sub]ect durlng stead1lyf

r

ﬁgantaxned contractxons,i is- plotted 1n Flg._z 6 as: am
' funct1on of ‘the mean level of the soleus EMG - act1v1ty.

 The - amplltude of the H reflex obtalned 1n the same:

subject durlng walk1ng 1s also plotted in Flg 2 6 as

.'3 a funct1on of the mean EMG level (1 e., the mean EMG

!“level dur1ng the phase in wh1ch the reflex‘ occurred)

%

‘ It :caﬂ; be seen that the amplltude of the reflex -wascr
‘rlarger durlng malntalned contractlons (referred to .as

@ﬁtandlng below) _ than-dur1ng walk1ng, -and that " the
dlfference was greatest during low level act1v1ty 'ln'

'thls example, ‘the slope of the best f1tt1ng stra1ght

A : »

. llne,p 'the least squares sense, was 0. 015 mV/ V’

4

f(ngg.= 0.b16) for standing, and o. 075 mV/ uV (S.E =
"0-012) ;,fot' walklng,{ thus,z there 'was,xa, h1ghly
'statlstlcally . 51gn1f1cant dlfference between p the

_ slopes in the two condltlons.‘;A0£ partgpqlar 1nterestﬁ"

a N [

. R N SR & BRI

.

;fsﬁbjéct"7wash‘Tstahdimgf‘ahd | stead11‘°d:':;nta1n1ngh o
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' (*) and standing ( ) as a functlon of EMG 1evel a&¢ 
: the marked dlfference _in_ the slopes (m =~ 0. 075‘ 

'walking,;‘ i‘= 0. 015 standlng) and y 1ntercepts (b = -

0 54 walkxng, b = 3'1 standxng) ‘of the stra1ght llnes

whxch, were .computed ;to' minimize -the “mean square.

g ) - . .ol
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is  the large amplitude of the‘H-refle; at "zero" EMG .
flevel »(y—intercept) which 'will be referred to ”as
nﬁquiet" standlng'.Thus,. the : reflex sensxt1v1ty (i e.,‘
the slope of the 11ne relatlng H- reflex ampl1tude'vto ~

»

EMG level) and the .reflex threshold (x 1ntercept)
were lower durlng standlng than durlng walking Both;v
‘effects (1 e decrease in sen51t1Vity and threshold)
were observed 1n the 4 subjects tested.

. ' (

In.the example of F1g 2. 6 the mean value of ‘the

: M-wave was 1. 25 my (S D 0.16) durlng walklng nd 1 23

- ¥

| Qﬁ;;fmv (5. ©=0.09). dur1ng the 1sometr1c; contract1ons.~

Therefore, ;the dlfference in the amplltude of the H-
.reflex between the two cond1t10ns,yas not due to - he

,-'st1mulus strength Moreover, the data was taken from |
8 Ry :
a range in which the H- reflex '~ was, relat1vely

xél1ndependent of the stlmulus strength (see Methods)
A potential problem in pompar1ng EMG levels durlng"
'walklng and . stand1ng is. that the EMG act1v1ty recorded

by the soleus electrodes may ‘include a component »(due.

“to Cross- talk) from the other ankle extensors, medial
'y L

and lateral gastrocnemlusm_ For example, 1f as in‘the ~‘v*;
~cat (Walmsley 'et_al.,‘f1978), the human soleus is
‘i%predom1nantly, 'if'»not',ekclu51vely, actlve during.',

L

-standlng ‘and the gastroenem1us becgmes more act1ve;

o
dur1ng walking, then the H- reflegﬁb necorded dur1ng

B

walklng “would thus ‘appear smaller than ‘those recorded

,,_ﬁduring' standing ,because the act1V1ty ;lgvel ~of . the

@« @




&

L 8 h
gelectrodes Were placed over the soleus muscle . just

" “,ﬁe} ‘ ‘ , v

ﬂ) :
soleus is in fact less than that 1nd1cated by the

recording electrgdes. _‘Hggever,. the ‘recording

{ X

ab‘ve the 1nsert10n of the ‘gastrocnemius‘ into- the

Achi'lles tel don, a site where soleus EMG act1v1ty can

be sglec 1v ly recorded (Hugon, “'1973). Secondly, the
F 4 _

largest d;f erence between the ~H-reflexes elicited

I

durlng walking and standing occurs at the lowest

t_ levelsaﬁof activity;‘ where a fast tw1tch mu5cle - like

: effects bf croéggﬁalk if any, are ieast’significant.'

the gastrocnem1us is 1east-act1ve and therefore the

fi

v : ' §

LA

A
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DISCUSSION ‘ '

| The major new findings reported here ‘are the
strong mOdufoion of the H-reflex during‘leebmetibn'ih
nofmal human subjects and the ‘difference in the
strength ?§E' the modulat1on of this  reflex between
walking and standing. Clearly, the modulation of the

reflex 1is_ not simply a.passive consequence of the

excitation level of a-motoneurons, put;,depends on

central'_mechanisms of which the level of a-motoneuron

excitation is only one component. The change in the

slope and x-intercept of the curve in the two states
'*,is also important, because it means that the

"sen51t1v1ty of the reflex as well as its threshold can

be changed. Some prev1ous authors have suggested that
only the reflex threshold could be changed by central

commands (Crago et al., 1976 " Houk, 1976; Feldman and

Orlovsky, 1972). P0551ble neural mechanisms underlying
- these reflex ehanges and their functional implications

_fer the two types of motor activities studied will- be -

dealt with, in‘turn, in the following sect1ons.

Neur%l mechanisms. The neural mechanlsms by wh1ch

the modulation of the H-reflex is .brought about,du:;ng

walking and standing are difficult to determine in
: - J . .

human experiments, but some suggestions can be made

-which are illustrated in the schematic diagram of Fig.

33

2.7. The H—reflex.increases more or less in paraliel

with thevlevel’df EMG-aqtivity, "cﬁrve 1 in Flg 2.7A.

o

B
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Further explanatlgn ~in Dué&u@sxon.;,
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F1gure 2.7: (A{ Expected relat1on between the H- refiex,

amplltude_ and thb level of - as motoneuron exc1tat10nv
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If the same mechanisms are used as i the cat, a-y

motoneurons. are depolarized by a combination of added

;u:%A
‘%%;;citation - (Exc. in Fig, 2.7B) end.decreased post-

s'naptic inhibition (Inh.), such that‘the resistance

"of the ce}l body is little afﬂected (!hefchyk et al.

1984). fha%EPSP from primary muscle spindle receptors
(Group Ia fibers) is then' xéﬁatively constant at all
phases of the cycle (Shefchyk et al., 1984) and the
size of the H-reflex":wili therefore reflect the
percentage of voluntarilx*activated a- motoneurons. ‘
 The much larger H- rEflex in quiet standing could
arise ' if weak ‘excitdtory Jinputs _arej;qctive and

inhibitory inputs are inaotiVe, or greatly qdecreased

. compared to the levels during walking. Therefore, the

size of the EPSP would be large during qu1et standing

because less shunting would be produced by i_

v

inputs. HoweGer, the EPSP would decrease in eiée with

increasing excitation, because of the additional

,conductance produced by more excitatory inputs- (1 e.,

decreased resistance). Therefore, as the numben fof

active =~ motoneurons  increases with 1ncreasing

excitation, the H-reflex would increase more slowly

during  standing (curve 2 in Fig. 2.7A) than during

walking (cUrve'1'in'Fig. 2.7A).

5 Morin - et aitv (1982) suggested ‘that “‘the

differences betweeh the two states might arise ff

presynaptic.‘inhibition QEre, in Fig. 2.7B).>”Th
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mechanism would 'reduce thg;la'EPSP. by a constant
factor at all levels’ot excitation, without affecting
postsynabtic condoctance, and therefore produce .a
proportional reduction in the H-reflex (compare the
dashed curve 3 in Fig. 2. 7A with the solid curve 2).
Clearly} if walking and standlng are compared at only
one . level of excitation, presynapt;c inhibition can
appear to be an explanation’for the results. Morin et
al. (1982) wused only one level of excitation and so
did not antiéioate the‘change'in slope.’ One could of
couise' postulate that the level of presynaptic
inhibition ‘is also tied to the level of EMG in just
the, r1ght‘;ay to produce the observed change in shape
between_'corves 1 and 2,  but th‘ post-synaptic
mechanléhs 'suggeSted above are far simpler to
enviéaée.t These suggestions should also be d1rectly
testable by 1ntracellulag‘%ecord1ng from a- motoneurons
paralﬂzed d%%erebrate cats durlng f1ct1ve walklng

and,_ tonlc states with - comparable levels of a-

'motoneuron excitation, Once data is obtained from

thesevaekperiments a mathematical model of how

:motoneur"ns ‘are controlled in various types of motor

Y

: act1v1t1es may be formulated

. ' ' P
=1p0551ble explanation for the d1fference

Anothef
between the ampl1tude of the H-reflex durlng walkﬁpg

: &)
and standzng ;s that the size of the EPSP's du%ing

v
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“Flklng are smaller than dur1ng standing because the
“high frequency d1scharge of the Ia-afferents during
:wa1k1ng results mm a depress1on of . transmltter release
and‘ mence smaller EPSP's (Curtls and Eccles, = 1960),
However, 1if the depre551on lasted throughout the step
cycle, it would be functlonally equivalent to

' presynaptic >1nh1b1t1on, which ' can not explain our
résults (see above) If the depress1on only occurred.‘

Y

when the afferents were f1r1ng fastest it would have

an analoguous effect to tﬁﬁt of refractbrxncés whxch

¥y
© o -

was also ruled out as an explanatxon of 'the results
3 (sée Results). 1In conclusion, while changes in tte
!amdijtude‘ of the;.EPSP's due: to this 'well known
depressfbﬁ phenomeudn may,have occurred, pestsynaptic
. factors such as those described above must 'also be
-_considered. |

ﬂ\F‘unctional implications. The large difference in

"the y-intercepts (Fig. 2.6) of the H-reflex vs EMG
curves betweeu walking and standing is of functional
importance. ~During standing, most of the body.weight

is supported by the skeleton,k so the activity of the
leg and other muscles during uiet standing is minimal
'(Basmajian, 1967). The large value of the H-reflex
during quiet stand%ng implies that even a small body
sway will tésult in a relatively large stretch reflex
in the soleus which will tend to counteract the sway.

Thus, the "large reflexes when the subjects were
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stphding, are consistent with the control of ankle
angle .and hence body position in this task. However,
a comparably large stretch reflex during the swing
phase of walking, vhere the'E G activity of the soleus
is also minimal, would imnge ankle dorsiflexion and
would therefore be inappropriate. As discussed in the
Introduction the stretch refléx of a muscle will be
much more influéncgd by fusimqtor effects. than will
the H-reflex,‘ and pbsé@bly, Eécause of.the temporal
dispersion of the affgrént volley (Burke, 1983), also
by the state of certain spihal interneurons (e.q., Ib
interneurons, aﬂd Renshaylcells). However, at least in
the mesencephalic walking éat,‘ peripheral fusimotor
effects add to and reinforce the modulation producea
centrally (Murphy et al.,ﬁ 1984; Taylor et al., 1985),
and both the Stretch reflex and the H-reflex are
moduléted in essentially the same way (Akazawa et al.,
1983), | . : |

Foot contact with the ground (HC) occurred during
co-contraction of the ankle flexors ;Ld extensoré, at
a ‘time when - the amplitude of the H-reflex . was
relatively low, Therefore, the reflex was not
adjuéted to help overcome the loading of the foot at
the time of HC. Indeéd, it has been suggested that the .
stretch reflex would occuf tod late to contribute

force to cgunteract the increased loading at the time
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of foot contact (Grillner, 1972; Melvill Jones and
Watt 1971; but see Stuart et al., 1973). The sudaen
impact .and loading of the foot at the time of Hd/ is
compensated by a stiffening of the ankle resulting
from a cd-cont;hction of the ankle“flé&dr%'ﬁ and
extensors which . may be pre;programmed\ (Engberé and
. Lundberg, 1969).

. The ‘H-reflex increased rapidly to a maximum ‘value
during stance and thén abruptly decreased to a low
value after TO. The highest values of the stretch
reflex during walkingvagé-therefore timed to rgsist
the stretch of the ankle extensors while the foot is
flat’ on the ground and the body rotates over this
fixed support and to assist the "push-~off" phase.
(iQe.,A thé' ankle extension which occurs late in the
stance phase). This extends the fipding of Dietz and
his collaborators who showed that the stretch reflex
of the triceps sufae contributes»significant1y to the.
tension ;equired fgf thé/"push-off" phase of running
(Dietz et al., 1979). Thus, the stretch reflex
amplitude appears to be appropfiately adjusted in each
phasé“ of ‘thg step cycle to the requivementg of

- locomotion,

33
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ITI. DIFFERENCB IN THE AMPLITUDE OF . 'I‘HE HUMAN " SOLEUS :
Lo ‘ N . ‘“‘t\‘ K E
" H- REFLEX DURING WALKING AND RUNNING 3 5 f

s

KRN

e In a préV10us pybllcatlon (Capadayx ,reih; ‘1986)‘

| we‘reported that the H- reflex of k'th”’ human soleus

.

_muscle was. strongly modulated in ampl1tude durxng the
step cycle 1n a ‘manner approprlate to the requ1rements_:

of locomotlon. ' The reflex output was largest late in
) 3

’t,the stance phase when it would assist 1n l1ft1ng the,d
,body :off the ground The same reflex vas - absent

dur1ng the sw1ng phase when 1t would oppose ankle'v v
b’m . G e
,9 s

dor51flexlon. The 51ze of . the H-reflex was also much;ﬁv’

-larger _at .a .'-',-%5%@%eyel of se.m.q. dur1ng~

Standing than~dur i " i) - Ih‘partlcular,e_during
) . ‘ . "‘- S o . ‘ A
-qU1et standlng th'.oac_grOund e.m.g. .activity of . the

soleus_ is ‘nomlg;lly zero as it ig also during ankle

fdors1flexlon”‘ﬂin_ thfy }ang phase of locomotlon. };ﬁ

‘HoweJer dur1ng quaet standlng the: ampl1tudé of the
'V'reflg;,.is very 1arge which’ would make it useful in

l;4fcouﬂ~eract1ng £ 1ng.theﬂswing'

ard body sway,rybut d

phase‘of walk1 g the ex ‘is shut>« fwouldﬂ

\re'

‘voppoge ankle d r1flexlon._ W erefore concluded thatd

durlng walk}ng the modu%?t1on of the ampl1tude of the_'

"~ H- reflex was not ;ﬁpply a pass1ve consequence of the -
» ¥ . T

‘A vver51on of this" chapter has been pub11shed
apaday, C. & Stein,.R.B. (1987) e
Journal of Physiology 392 513,522. :

arf/;‘.-. RV B / » E

.o ’ “ . ' .
= . s . S E
N N . o cdy
: N . s




. stretch reflex from changes ©in “the H reflex is

74
‘a motoneurone :sw"excitatjon level = (measured
exper1mentally as the'rectified'sdrface ‘e.m, g ) and

Is thewpatteﬁh and’ extent (m1n1mum to max1mum) of
modulation of the H- reflex 51m11ar in tunnlng and

. \ n
walking, ~and is the relat1on bebween the size of - the

H reflex and the background e.m, g. ‘the same 1n the two, ’ ¢

.lqumotor tasks? : A pridéri, a d1fference in the'
‘p"at'ter\n\- ' ef_ moa'ﬁlaflon may be expected'smce for‘
'example ‘the rmpact f%rce on: the ankle at. the t;me pf
B Heel c ct @hC)ﬁaug1ng‘runn1ng is larger than dur1ng
walk1ng ‘and thereibré aﬂ#hrger reflex response may be
de51rable ‘to further 1ncrq§ﬁe the’ st4ffness o& ‘the

w .
ankle. If the relat1on %mtween the Hbrefleﬁﬁamplltude

- and ‘the e. m g were d1f erent 1n the uﬁo tagks, 'iﬁw\\éfin
v ’ . ‘N

would be‘ further ev1dence that,the size of the‘-H:‘Q'
’ rgflex depends on central neural mechanisﬁs other than ;
| \the | excitation Mevel -vof t huive a—motbneurenes..
Furtherggre,f;an&. such"‘chaqge'vin ‘the;’réiationship “
ﬁbetheen,fthese‘tnobvariahles may prov1de some clues on
f'how the stretch reflex ‘is adapted to the mofbr ~'task,
..:lﬁhe va11d1ty of‘rn@err1ng_changes 1n,the short latenc¥:_
‘dlseussed ‘1n‘“detail_fin Cahaday : Steln ](1986) "2>
’ Briele:'fvwhfie 'the”lextent of potentlatfgn v .
_depresSion of] the H-re lex may not be ‘1dent1cal to~

*3fthat of the stretch reflex (Van Boxtel .1986) theftwo.'i~s”

~ . LS

v : LA
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" never undergo ““changes in, the opposite direction |
(Akazawa, Aldrldge, S.teeve"s*é: Stein,' 1’9824} A‘ldridge &
Stein, 1982) gurthermore, \duriné locomotion‘,' . the
effects of the fusimotor system on the muscle spmdles
tend to reinforce the effectsgof the modulatxon of the

"H- reflex . (Faylor, Stein- & Murphy ,. 1985; Loeb &

Hoffer, 1985). - ‘o ,
. . K . pF ]

" The. contfibution’ - of "the stretch

'sprinting, which 15% a.t1grade locomotor -

was mves‘t1g%d bym Dle'tz : ~ol,gle_ague5‘,

‘Shmidtbleicher & Noth, 137SNEEEMey shoved

L

durmg spr1nt1ng, ' the stre
increase = of (e m.g. ) act1V1 "t’h’e‘ t‘ticepse , surae

g‘. Qol}owmg contact of the £b6t with the ground.

Bl

The reflex.” also T:o,ntrlbutes s;gn1f1cantly‘ to the

-

DY .

SR e
In thls sEudy, we have 1nvesti-gated ‘the modu'lati"on‘.

L -

- of the H—reflex in various phases of runnlng, in whlch

B Y
‘the 1ocomotor pattern is plantlgrade (heel to . toe),
‘ R - " R A ,
* . and compared 1t to thab durm“g walklng in ‘the same

muscular - t;ensmn exerted by this grou#u:ing' the

<

short (150 200 ms) - stance phase.

E)

‘sub’jﬁct. Lt S o

DAY @ . : -
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v &

The deta1ls of the experlmental procedures and - the
'data“analyais methods were descrlbed in detall in’ aa*"%ﬂ

‘ “.,- 'r,
preV1ous publlcat1on (Capaday & Stein, 1986);;;“Here,, .

o we briefly descr1be these as well~aév some of the' -;gg

modxf1cat1ons that were made in the present
. N ‘ I

experzments.

H-reflexes of the 5oleu9 muscle vere obtalned

fpom 8 humaﬁ subJects durlngvlevel walklng (4 km/hr) ,‘:

(‘? f PR T R

L and ”;unningw (8 km/hr) on a’ treadmlll \ .:%e * average

X
-+

vbwalkjﬁs cycle t1me was 1100 ms and tha for ‘runhipg

*was 640 ms, .Thefje m.g.'s of the soleus ‘gnd-~the N

. t1b1al1s anterior muscles were recgrded W1th surface
: . » .
: 51lver' disc. electrodes., A 51m1lar 511ver d1sc| G '

\electrode was ué@% to stlmulate the‘t1b1al nerve i

‘the - popflteaL fossa. " The stlmulus return electrode

was placed eltheF above the patella or above” the

; o f . Aw
’ 'pOplxteal fossa. K _ ; v . “’

-

The ‘major problem w?th electr1cal st1mulat1on of .
the- tibial .nerve‘ "during- locomotxon using surface

‘electrodes = s that the distan®&  between -the .

I N . . oy ~ e

‘stimulating. electrode and the nerve changes ' because .
Ay, : ' N 1aes, ver

o of .- the large "displacemeqtef at the kheea“ joint'

g N
'_Therefore,":theéw.eﬁfective"stimulus strength*°(the*
current dens1ty) 7is not - constant throughout 'the
5&u¢lpe6motor cycle. Howewer, by repean1ng the emperlmeqﬁjéw--:'."

 at several stlmurus 1ntensxt1es and usmg theq;@-waye e

X,

-




F-

,r'the results were qualltatlvely sxm1lar.

C matched “in compar;ng the walk1ng and runnlng ddta of
- 0 t’

L It _1mportant to have a good ‘measure of ‘the

' cor

'_cond1t1ongd outpur ot a sw1tch placed under the heel

the effect1ve st;mulus StrEngth H- reflexesfoo”urhng ’

‘ -

vat various phases bf the stép cycle could be compaded

» L
»

at essentzally the same sti‘mul&s 1'pten51ty (de‘ﬁah?s in

1986) The M-waves wiﬁe also closely

¥,

; ‘ ‘ .":" A*\
”Ifh*§$£5 ,wgwgﬂﬁrled to select values of the M wﬁerz,)

w J‘ . &\-

relatlng f-reflex ampl1tude and stxmulue*«xmtensityiay"
(Capaday & Stein, 1986).  The aﬁsxtlon of this *flat

regioh of the curve d1d not. seem to change between

. .,
\ 77
AT R : : ,5“,., . . o B
(whlch i he electnacal fbsponse of the"muscle to ’
electrlcaf \st1mulatlon "of 1ts nerve) as a Qa~gur ‘.of f

walkmg and runn1ng ‘.e., it occurred at about | the L

_same range ‘o: :ues of the M-wave as in standing).

In some subjects,, however, the M-waves could only be

"matched at high amplitudes (i.e., in,the portion. of

the gurve where the H-reflex decreases) - In all cases S

v

average e.m.g. act1v1ty 1n each of the tw0~locom .

v

. tasks, sé that the reflex responses can be compared at

) ~ .
nding levels of act1v1ty The average e.m. g

activ1ty of the soleus and the t1b1a113 anter1or- l '

..

vm&?&les durlng the locomotor cycle was. measured by’

Q_trlgger;ng the averagxng computér from th! su1tab1y

, R oA B S T ®
: : Cor e e - e .
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‘ ¥ 5ol s ‘A . RSN L . R - v et

inside the subject's shoe. The switch closed and’

. AR e _ )
ﬁ: hence triggered the computer at about the time: when -

the’ foot was flat on the ground. Typically, the
‘ e.m.g;]wactivity of ‘each muscle during the - logomotor
. : . 4

f . ;1‘
,yclesseﬂhlgh rpass RC flltered at 10 Hz, full-wave

' rect1f1ed ,'f t%w bass RC-filtered at 100 Hz) vas

1averaged ¢ in reﬁp ﬁﬂmd’ ?-100) and the standard error
Lt . ¢ '
'?gomputed% 1* ‘

fof the mean,wasgh'

ﬁpmuﬁﬁ‘ﬂproce;une waé‘!&pé&ted s ral tihestﬁﬂﬁring

s the course of : 3per1ment to ensure that the pattern

of act1v1ty r'

; * L}
Vo the dur';ztn;:u';"l &%3the;exper1ment. The extent of any

po sﬁ;ble c?bsdktalh .between the ankle extensors
:Q- : N

By

» ,c(medi‘a.z ‘g’hgt?o%nhmaps (MG), ‘la
? ¢ and sole-&i)dlas ‘detetiningd by

l.gastrocnemiusftG),

t trans-cutaneous
¥ g L A} ' T
!‘mnxlmal stlmulablo of ‘ LG or the MG while

récov ﬁg 51mgltane0651y the ‘e.Mm.sg. \res the\of ‘the'

‘ P
‘stxmulated ﬁusdie and fts spreéﬁ ~over

AR

“This ,¥as; doge to'xnsure that ;the e.m. g."uaotibity"

‘e»u . .
recorded over .the soleus muscle was'in fact produced

L] PRIt
~f§r the\~ ‘most part by soleus and not by .some
combinat1on of soleus act1v1ty and that of the other‘
talk measured

foot extensors& The ext t of the crof”

[in‘ thls way was less than ‘or equal to iO% (0 1 mV of

o

: act1v1ty plcked up at the soleus electrodes for Qevery
1 mV of gastrocnem;us act1V1ty).' i?’.
The method of obtaining the reflex respOnsesofﬂghe

o

ified essentially the same 'throughout:

4

e
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soleus muscle in the various phases of the step cycle
is described in detail in the paper by Capaday & Stein
(1986) and by,Rkazaws et al. (1982). In this study,

»
Y bl

. * ' v -, . .
howgvg‘b‘.gher step marker was obtained fyom a switch

placed. undér: the heel inéi‘r the .subject's‘ shbe ,
instead of- passing the “tibial?g anterior e.m.g. -

'thréugh a’ SChmﬁgp trigger circuit, The compute:?t;ah ﬁ
received the sté;’markj ~genefated by the heel switch,

aﬁd 2 stimulus mark. On the ‘QCCUrrence‘ of the ' g
stimulus mark the sOieUs e.m.g.‘ (ynrectified, and RC
filtered - between 10 Hz’and 300 Hz) was sanipled . for et
'appkéximately;so ms. Theflaggpcy bétween'the step mark

and - the stimulus mark was used, to decide in which of : '

16 phases of the step cycle the stimylus occurréd.;”‘“

o, ]
P

| , ' | Sy
Having determined this, the sampled signal from soleus T \\\

was averaged with other signals which‘occurfed in the
same phase. ' B this method the average H-refle .
response (usually, n=10-20).9f‘}he,soleus in each of
_ - ’ : : ,

16 different phases of 'the - logometor cycle. was
. obtained. e ' s\ R
R o . R Q [ . -
The reason for dividing «he locomotor cycle into 16 '
phajes is that this gives a good temporal resolution ' .'_

" of events in the step cycle. The procédure of "phase-

. v : . . . - .
dependent” averaging was dgne in_ré%l time and allowed
LA _ Rt : :
‘the experimenter to determine7 after averaging a
suitable nuhperfoi responses, the size of the M-wave  °

8



2 ,16ﬂphases of the step cycle.‘

~

0

80 @

,,;’,ﬁr

(effective Istimul strength) in each oigthe 16-phases

of the step cycle.,,?he‘experlmenter could then adjust
the _Qutpuk voltaée Sf the stimulator for the next
series of averages inworéér to obtain M‘yaves in the
-desired rangé. By repeating fﬂis prbcedure several
times during  the courée’of éh.experimeqtiM~waves of

; approximately the same size could be obtained in all

- ».

h&a ' J‘- B B vt
In a féw exper:ments the WATSMART system (Northern

;Dig1tal Waterioo,‘ Canada) for reconstructlon ‘of the
il g

three ; wdxmens1onal k1nemat1cs of points in space _was

L3

used to determlne the ankle dlsplacement as'a
AY : S & 5 .

of time in each of the two, locomotor q%sks. Thus, tge.,

changes in: length of the soleus muscle, which acts

only at the ankle Jo1nt ‘were estimated.

., \ - .
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RESULTS .
* The H—refiex of the soleus dur1ng hhe running
cycle 1ncreased progressively dur1ng the stance- phase,
reaching its peak value usually at about the time of
the peak e.m.g. activity. The H-reflex rapidly
decreased at the end of the Stance .phase and was
absent durihg the swiqghbhase (ankle dorsiflexion).
An exampie - ffem one'j;ubject" of the Hfreflex
'modulation during the rﬁnning cycle is shown in Figq.
3.1. . | - ' Lo s
In Fig. 3 2 the peak to peaﬁ (p-p) amplitdde of the

\,,..

H- reflex in each of the 16 phases of the running cycle

[\l

is plotted, as well as the average soleus‘e,m.g., th
average tibialis anterior ' elm.g., and _the b-p
'amplitude of the M-wave in each.phaSe of fhe cycle,
' Thi; subjech'had the 1arges£ phasetdifferehce,between
the H-refleéx "and the e.m.g. (a lag of 2/16 lof"t a

- cyc e). In many sdbjects llttle or no phase
di etence was Qbserb wh%le in others a small ghase d.' /
lead‘ occurred. éggﬂrall, no s%gn1f1cant phase o

difference was obseived between the pe ‘soleus'e.mli;\ o,

- about ;he 14 th phase of - the cycle,_ but th sreflex *°

and the peak ‘H-reflex. ,‘ ,
‘ IR ‘ A

L93 this ,subject, heel, contact (HC)
was relat1ve1y low at thls time as 1t 1as in
subjects. The e,m.g level at the time of HC of b,k

the soleus and the tibialis- anterxor increased on the

< . » \
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. M-Wave - H-Reflex
/ m
: _ / )

: 0
¢
—— e —

‘ w
‘ N — Z -
Lo = - 3
: : ) ©
¥ J.
"‘O: ‘: QA
Q-
3
O
@
14ms 7.
Figuféﬁ §l1:“'5mp1itpde modulation of the H-reflex
| durin the 16 phases.of the runnihg- cycle. Each
:;Jlrecqfd  is the average of about 15 responses of the*
”ﬁ;’,'ﬂ; s uscle to st1mu1at10n 6! the t1b1a1 nerve. The

AN .

Y e ,e T s -
Fecord. £rom- the» to ?ﬁ*athe' responsé “that

¢ ;at, about one th1rd’of the Yay -through ‘the

~

PR 4: i L - : s
'tggancez phase. Note how the reflex _increases

*ptogress1ve1y durypg the stance phase\and that it - is

‘-

,absent during the swing phase.

wod g

T -
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average 1.8 times durihgﬁ}hnning compared to walking.
"”jThe 1ncrease of ‘agtivity in these two mus¢¥es at the
“time of HC serves to stiffen the ankle )oxnt and thus
prevent the foot from extend1ng too quxckly towards
the ground after the HC, - Therefore, the adabtation

to the h1gherﬂ§mpact forces on the ankle at the time
of HC is at the level of the command signals to’ the

muscles rather than at the reflex level. |

In Fig:' 3.2 the period in the stance during which
the soleus muscle is lengthening is ' indicated. In
runnihg the soleus undergoes a lengthening
#contraction during most of the stance phase. The same
is true during walking (Fig. 3.3), and . hence “the
spindle a%ferents will be fjring at relati§eiy high

rates (Loeb, .Hoffer & Pratt, 1985; Prochazka,

w - A

Westerman & Ziccone, 1976). Since the presence of ap
H-reflex indicates that there is tranemission from the
Ia-afferents to the a-motoneurones during this phase.
of locomotion, part of the musctular activity in thxs
phase must be -éue to the stretch r;flex.

The - peak value of the H-reflex dur1ng.running ' Was
on the average s1gn1f1cantly smaller (p<0. 05 for a
“oné taf&eﬂ T?test) than dur1ng walklng. This frhdiﬁé
is espec1ally1nqteworthy as the peak e.m.g. levels of

4 .
the soleus attained didring running were on the
, X b ,
average ' 2.4 times greater-than during walking. An
example of the pattern:of the H-reflex modulation



A

; Nétiqhéﬂibrary‘; i

N o "'w‘“'\‘ o “ . L ) v‘
..+ Bibliothéque nationale
' uCanada

" “otCanada

*Canadian Théses Service

Seryice des théses canadiennes - © - - T T L

-+ Otiawd, Canadd . ST 3 MY P
I RS SIS i B R [ o R ¥ S
v . N , . B ' . il . . v ‘ -
:‘ y g e, .,‘ . ‘):" o - Cw ERERTER N % ! e K
. ‘ Y . . ! HEE I
Y A ‘ . ../ \ N T '\',; o " ‘.M B . .
! . ’ [ S . : N . ' !
Sy , \ [T ‘ : 1
. —-r—' i N N /:‘9 ~“} . ’ . N . I’ v e
AU S . > AR s . .
. B K e [ ,‘ \ - g \'
‘ ‘- : T . i ‘.;‘ . ‘.’ . o . : B »;‘ ‘.“' . N o ‘ , . > .o i ‘ 0 - " .
i ey T e L Ve PR PRI . S B D o B : - : R
.. The quality of this. microform is heawly dependeént upon the La.qualite de cette microforme dépend grangement duela

y

) +-quality of the original thesis submitted for micrafilming. . . -

. Everyelfort hasbeen made to ensure the highest quality of - -
.::,r'eprOdu'cﬁonpOSsib‘le."_-‘ S e e e e

PN R «

the degtee. S S
,",S_’o'mé__;Pagés may ﬁéﬂ)’e _ind}stinct "prim_,es'pec\iallg if the ¢
- origimal pages were typed with a poor typewriter ribbon or =
- iit the university sent us an’inferior photocopy. .

e U e T

Lo .
. Lo L

——l

o ," Ptéi/ious!y cdpyr”ig’hteid‘ ‘materials (j'ourna‘lj: adicieé','»y'pub-
- =Tished tests, 6tc:) are notfilmed. -~ N

- Répr,odUcti'o‘n‘in;fu’ll orin barfot-.this microfdrm is gc}i)emed \
- . by the Canadian Copyright Act, R.S.C. 1970,¢. C-30. -~
\\_ o . ] . ‘ Q A - ‘-‘ o - |

\

- ’ L ey
\

AW

. NL-239 (r.8804) 1

It pages-are miés'r‘r‘\;g,"’c‘ontacfth‘e LjniVers_'ity'Which granted; .

microfilmés,

1970,¢.C-30.

qualité de lathese soumise au microfilmage. Nous avys

. tout fait'pour assurer une qualité supérieure de reproclue - U
Ctiom vl : : R

PR 9 R4 R 4

S'il ‘manque .desgﬁﬁ, veuillez communiquer vec
futiiversité qui a cohféré le grade. - N

“Laqualité d‘inﬁpress‘ion\ie" cerlaines pages peut laissér a
~desirer; surtout si les pages originales-ont ¢1é dactylogra- -~
... phiées al'aide d'un ruban'usé ou si l'université nous a fait =

‘parvenir une photocopie de qlalité inférieure -

- Les documents ‘qui font déja'l'obje[ d'un droit dauteyr...

(articles de revue, tests publiés, etc) ne sont pas

~La reproduction, méme partielle, de cette microforme est

soumise 4 la Loi canadienne sur'le droit d'auteur, SRC -

y
\




o

Y ', ,“ -

‘ i
/ t -
- ~ /

. v /‘
B AT AY

‘*l”fMQEyLA,ioN‘ 'OF EXCIT%TORY AND INHJBITORY 'REFLEXES

DURING LOCOMOTIONf o ST ,‘ “\ ~

[N

R e N T ey PR
ﬂv " I ’ : ‘ e . o L : B L BY , /1; ) . . S
. (AR G . .“' A ha \‘ " . f- ,' R L v K Coh 4
B s .

A Tﬁ%sxs = '{f_'

: : B . ,
SUBMITTED TO THE FACU?TY QF GRAﬁUATE STUDIES AND )
RESEARCH IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR “Li;

__THE DEGREE OF Doctor oé Phllosophy. o Aj‘
I A e R

S~
1Y
.
*

| DEPARTMENT OF PHYSIOLOGY . . . o
S RO L - : .

®-
o

IR ‘52 §1. o D_%‘ﬁAw,,
f 3'-fEDMONTONv'ALBERTA;{J;;

(SO 'FALL 1988 -



’

Permission has been, granted
to . the National Library Oof
Canada - 4o microfilm this
thesis and to lend or sell
dcopies of the film.

ThQ author (copyright owner)‘
Yhas reserved other
publication rights, and
néither the, thesis nor
extengive extracts from it

may be printed or otherwise

reproduced without ™his/her
written ‘permission.

. ISBN.

N

L autorisation a &t§ accordde
‘A la Bibliothéque nationale -

du Canada de microfilmer

_cette thdse et de préter ou
de vendre des exemplaireu du

: film. : T

.
-

ni

L' auteut (titulaire ‘du droit\

d'auteur) se réserve les
tres droits de publication;

la thése 'ni de 1longs
~extraits de celle-ci ne
doiverit @&tre imprimés ou.

-autrement reproduits sans son

autoriaation écrite.

*

-

0-315-45749-X



¢ ‘
(:HVlllt of Adbierta

"

‘Faculty, of ‘Graduate Studies
72-8 University Hall

v

’.
Dr. R.B. Stein
Department of Physiology
/-55 M.S.B.

Dr. 6harles Capaday

R

Inter-departmental Correspondence
L

wne August 15, 1988

This is to give permission for microfilming copyrighted material in the’
thesis of Dr. @harles Capaday which included paper format chapters of -
material for publicatdon in which I was a co-author. .. :

9

N 2

3]

R.B. Stein, Director
Division of Neuroscience
Professor of Physiology

RBS:caj

\

i

-

o~



. ’ . L
" - . . T

. THE' UNIVERSITY OF ALBERTA
P_' RELEASE FORM

NAME ‘OF AUTHOR: Charles Capaday .Y

'TITLE OF THESIS MODULATION OF E!XCITA'I‘ORY AND

INHIBITORY REFLEXES DURING LOCOMOTION

DEGREE&_Doctor_of,Phifosophy
YEAR;éhIS ﬁEGREE GRANTED.: '1988
-

Permission is hereby granted to the UNIVERSITY OF
' ALBERTA LIBRARY to reproduce 51ngle copies of this
'thesis- and to lehd :; sell such copies for ' private,
scholarly or scientific research purposea dnly.

The author reserves‘other publicat1on rights, and
neither the thesis nor extensive extracts from it may
be  printed or  otherwise ;rebroduced' without  the

s

© author's written permission.

4846 Chemin du Souvenir '
~ Chomedey, Laval PQ ‘
H7W 1C9. -

—_— N

(Student s Permanent address)



o

THE UNIVERSITY OF ALBERTA
FACULTY OF GRADUATE STUDIES AND RESEARCH

-

The‘ undersigned cerfify that'théy have ° read, and

" recommend’ to the Faculty of Graduate Siudies and

‘of excitatory -and inhibitory rpflexes during

Research for acceptance, a thesis entiffed "Modulation

locomotTon" Sdhmitteq‘by Charles Capé ay 1in  partial

fulfilment of. the requirements for the degree of

. Doctor of Philpfophy.

3 i /Q / : é@) . !

f - \' Supervisor

]

/f///

§,ék‘§2.ﬁJq«wx(l,q

M ® 000 080 0PSO LN NIELLEPINOELOEEOCESITBSDS

v’Datel:‘ 9"””“5 &8

A

»

R



Dedicated with affection to m
. . §

. A
)
v
'
N ’
¢
S

¢

“h

y pafents And grandparents,

.
.
-
:
1 0
.
)
N *
n
h

.

o



'ABSTRACT. . s -

During walking (4 km/h), ‘ghe‘gmplitude of the

Solehs H-reflekzweerstrongly modulaﬁed}* It increased

progresszvely durinyg the stance phase, reaching its
é‘;«ﬂt« - .

i maxxmum\&he*ue at about the t1me of the peak Soleus
[

EMG. It then abruptly‘decreased at -the end 5;" the’
stance phase. The H- Teflex was usually'ﬁh ‘ very
emall' during the swing' phase. -~ The e&; ; ,of

modulation was qualitafivély similar during running (8
km/h).  However, the reflexes obtained quring running
were significaetly smaller than‘those obtained during
walking. Furthermore, the slope of the line £1tted to
a plot of H- reflex amplltude vs the, mean value of the - o
background- Soleus EMG was alyays steeper for the
?welkiné data than for the running data: The H-reflex
- was also investigaeed in a postural task, raﬁging from
~quiet standing to shifting progressively more of the

bady weight onto the experimental leg; Dﬁrlng~ quiet
'§tandiﬂg, despite ‘a smaller leve + of Soleus ‘EMé'
| activity the amplitude of the H-reflex was 3-5 times
-greeper,than that during the early part of stance. In

fact, the H-reflex was greater, ~at the same level of

‘Soleus EMG activity,‘ in the postural task than during ]
. walk{?g. From these_findinge, iF is concluded that

the“_ CNS ;can control the efficacy of synaptic

ro S ' v
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transmis ioP between . the Ia-afftrqnts and the

- motoneurons, independently of qhe level of motor

activity. This would allow for the adaptive conjiwol

-

of the stretch reflex stiffness.

A computér model was developed to study the factors
that can affect the amplitude of the monosynaptic

reflex. Tt was found that presynaptic inhibition is

" the only mechanism that can alter the size of the

monosynaptic reflex indepéndently of the ,6level of
activity' in the motoneuron péol; This finding was
confirmed by experiments done iﬁ the cat.

The Soleus motor actiyity, as measured from the
intramuscular EMG, can be inhibited at all times
during the stance phase of walkiag, .aé well as during
voluntary tonic activity. Therefore, the la-

interneurons prOJectlng to the Soleus motoneurons are

"not shut off d&r1ng activity of the Soleus motoneuron

pool. -Mo;eover, there was no diffegence 1in the

efficacy of the inhibition in the two tasks.

vi -,
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I. INTRODUCTION

The study of phy51olog1cal systems can be v1ewed as

.con;1st1ng of analys1s at four d1fferent but strongly
¥y
ylnterrelated levels. The structural organ1zation of

a

-the system,. ranglng from class1cal anatomy to studles
! / :
‘1nvolv1ng 1mmunohlstochem1cal 1ocallzat10ns of cell

groups,ddls at the most ba51c level ‘With regardsuto

_them nervous system thzs nncludes 1dentific§tion of.

:the major fubd1v151ons, the pathways for afferent and

efferent , act1v1ty and those 11nk1ng the o major

_subd1v1slons., | .th details  of cell types, their -

A_1nterconnectlons - in a’ network and possible-

,neurotransmltter content are prov1ded by var1ous(/

g
- v

: hlstologlcal techn1ques.' The next level of analys1s
'oon51sts fbofh 1dent1fy1ng ,e- ba51c g phy51olog1

m'processes that underlle the activity . of the 5 'tem‘

under study and determ1n1ng 'theﬁ_mechan1sms

Lthese"processes. As an example, in‘the'nervou - system

i

nerve - conduction and synaptic transmiSSi n- across

Jnerve"cells:-'re the oasic phy51olog1ca processes

::underlylng the transfer of 1nformat1on 1n thls,sﬁstem.

/

‘~Many years of effort have gone 1nto eluc1dat1ng the

»

"mechanlsms of .the actaon potent1al and synaptfc
i transmlss1on (Hodgkln \'1964?7 Katz,;z1969). 'gAt 4the
‘“E] th1rd level of analy51s one. tr1es s ‘1dent1fy by

phys1olog1cal means, usually in reduced preparatlons,

e - -

1

behind

/

/
£
7
4

-
4
/
4 !
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~'the.- underlyxng neural circuits . that subserve a -

partlcular functzon.k For example,'Eccies and his many(
colleagues using mlcroelectrodes in the ‘ca e‘spinal‘
cord 1dent1f1ed many of the pathways that l1nk ‘muscle
‘receptors to motoneurons as Well as the‘-types of
.synapt1c connectlons, exc1tatory or 1nh1b1tory, w1th1n
;those pathways (Eccles, 1964) ,Thls sets the stage
forﬁthe fourth level of analysls which’may he'refetfed'
to as systems PhYsioloéyhu'.Here the isghevia“the roleﬂ

ytcf‘ the 1dent1f1ed neural pathways in normal funct1on.

7.Questlons such as,' which of the 1dent1f1ed mechanlsms o

‘_operates durlng normal act1v1ty, and what qualftdt;de -

“.and quant1tat1ve contr1but1ons ‘do they make

act1v1ty, are fundamental In s1mp1e term“

‘ role ,of‘ putablve neural c1rcu1ts 1n :a
:phy51ologlca1 activity. » | _
| The 'RenShaW'céll‘w thevfirst‘identified intefneufont%”
n »the‘nammalianlapinal :cordjv(Renshaw; [94i);; can
.serve as -an exampie; ThiSaneurOn receives a ‘majof'
..exc1tatory 1nput dlrectly from the axon collaterals of
~motoneurons and - turn monosynapt1cally 1nh1b1ts
vhmotoneurons, thus mak1ng a recurrent negatlve feedbacki
5type -bt ﬁconnectlon w1th the motoneurons (Renshaw,
-194ii. Gfanit, /1972)’ ,Becanse thelRenshaw cell axcn
hranches !extencivery to inne:vate‘ wideiy' sepa&ated

motoneurons and does not usually contact - "the




SR ‘ : _ | .
' hotoﬁgﬁﬁoﬁﬁﬂthat synapSe Upon them'iGranit, 1972). one
.may‘ ask  whether their ~role during maintainedv
contractlons 'iss ? to overcome the poss{ble

synchron1zat1on of motoneurons and hence reduce”® the
’ ) ‘ i

tendency for tremor. . Some evidenze for this has been
obtalned 1n reduced cat preparations (Adam, W1ndhorst

wv and Inbar,  1978) and certarnly warrants ,further‘

B 1nvest1gat1on Burlug voluntary contractions. |

The‘ varxous studles contained in th1s thes1s were

- y
‘ all attempts at understandlng the - functxonal role of

”
. varlous basic Splna ‘cord mechanisms during natural
: b . ;

~” : ] . \ . ; .
“motor .tasks' such a walklng, running and standlng.

The empha51s is placed on the term natural motor , task
or act1v1ty, because/as happens all too often in motor
Phy51ology_ the  task "1nvest1gated is somewhat
contrived;; Conclu51ons derived from such studxes may

e

.not, therefore, have general‘ appllcablllty. ‘In
‘kég re 1.1 the basic splnal‘cord‘circuits that are the
subject‘ of this thesis are shown.  The diagram
‘represents a sUmmary‘of nnat ie~known-based mainly on

studie's of the cat spinal cord and to some ‘extent thft.

of the monkey (Baldlssera, Hultborn, and Ilert ‘
Jankowska, Padel . and——Tanaka, 1976) ~ The bas1c
connections shown 1n the dlagram are descrlbed below
~and some ideas on‘the pOSS}ble functtonal significance

of each circuit are presented. Following this, a o
. 4 . R s T



mére~ detailed discussicn‘of~thefpéth$ays~
been ditectly investigated in the Qfesenttst
given. ,

N g v _ '
The basic spinal cord motor circuits

: Wy

The monosynaptgc'ndtﬁre of the . connection between
the Ia muscle affefénfs énd‘the motoneurons. was fi;st
»demonstratééiﬁy.Lloyﬁ (1943)-. It was ;atef confirmed
by int;acellﬁlar'fécordings from mbtonéurons (Lundberg
and Winsbury, 1960). ‘This”Cbnﬁection/subserVes £he

well known stretch reflex, but as discussed below it

may nbt-bbe the only pathw§y contributing gd ?ﬁhe

stretch reflex. An°excellent historical ac¢9unt§5f

the work *done on this pathway starting with the
_ L ‘ - th

discovery of ‘thel stretch reflex by Liddell an
Sherrington is given by Matthews (1972).  The
clear -demonstration thatlthe Ia afferents may
m¢toneurons ‘via polysynap;ic  pathways'was made
Hultborn ét al. (1975). These polysynaptic
conﬁéctions hay account for such phenomena. as the so

called medium latency stretch refleki responses (M2)

and the tonic vibration reflex (see, Baldissera,

Hultborn  and Illert, 1981).  Related to these

vpolysynaptié' connections, it was shown that in the

human - the rise time of the monoSYnap%ic epsp in

motoneurons, in response to an électrical nerve

stimulus, may be re;atively slow, about 2.4 ms (Burke, .




/
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Gandevia and MtKeon, . 1984). These authoie ﬁave-
argued, therefore, that the relat1vely prolonged

duratlon of the monosynaptic epsp allows for. possfbiei

}

"oligosynaptic inpUts to affect the motoqeurons before
. . . ’ . )

o

they reach threshold..w This“suggest’on is examined

further and evalugted in the ge eral diecuséﬁon.

Finally, " there may be an autogenic 'nhibitory effect
froﬁ the fa afferents to the’mofoneurons;mediated by a
d1synapt1c or trlsynapt1c congectlon (Fetz, Jankowska,'
Johannisson and Lipski, 1979).

The moboneurons have collaterals that innervate
smail inhibitory interneurons, located in the ventral
horn, which in turn inhibit motoheurons (Renshaw,
1946), | Tﬁis recurrefgt inhibitory pathway may haye
several: functional;rozes}- As already dlscusseo_# it
may‘ serve to' desynchron1ze the dischar of
/'moto eurons (Adam et al., v1978),':as'well as to élowi.

the ischafge rates of the motoneurons:(Granit, 1972).

Hultborn, Lindstfom, and Wigstrom (1979) hypothesized
that the Renshaw cells,. which are under suprasp1nal
control, - may also contribute to the" requlation of the
mo’or output as follows. If the gain of this pathway
‘ high' that is the Renshaw cells are very exc1table,
en large varlatlons of the supraspxnal input onto

motoneurons w1ll produce © relatively small

@ariatlons of the motor outputa This would allow for



lal

Figure 1.1: The basic spinal cord motor  circuits.
The ‘alpha motoneurons are labeled with the symbol Rar,

the Renshaw cells are labeled with the symbol "R".

The .Ia inhibitory interneurons_are ghoﬁn in selid

-black, ptesyﬁaptic inhib{;ion o} the la terminals is

labeled 'as "PRE". Inhibitery fontacts are shOwn_'as



Pl

[y

L4
.

small black circles, the excitatory ones are ghown as
a forked bifuécation. The diagram shown in part C is
‘;ymmétrical, but only the connections on the right
'side are shown in thei; ent}rety for clearness of
iliustratgon. The  details of the diagrams are

described in the text.
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the very fine control of the motor output. If, on the
other’ Hand, the gain of this pathway is low, then

lirgévavariations of the supraspinal ihput onto the

motonédrons will produce relatively large ' variations

in thé,mbtor output. ‘Thiixzsyld allow fo; high levels

- of fgrce'output when needed.,. 1In aédition, Renshaw

cells inhibit the-Ia inhibitory interneurons _that

project onto the antagenist motoneurons (Hultborn,

Jgnkowékawand Lindstrom, 1971). The function of this

,inhibitory connection 1is not known, but clearly it

would . tégd to reduce the effectiveness of the
N .

inhibition-pf antagdhist motoneurgng in parallel with

¢ [ VT

the level of motor output. This isdue is discussed in

detail in chapter 5.

The other two major pathways shown in figure 1.1,

are the presynaptic inhibition_of the 1Ia terminals

within the spinal cord (Schmidt, 1971), and the well

knéwn Ia lhhibitory ipterqiurons projecting to the

» ‘motoneurons (Eccles, 1964). Presynaptic inhibition of

the Ia afferents may be produced from either

e

- supraspinal  stuctures, such as- the red nucleus

v . ) . . ‘ ‘ .. ... .
“*(Rudomin, 1980), or as a result of activation of other

groups of afferent fibers. For example, stimulation of
Ia afferents in flexof nerves presynaptically inhibits

Ia afferent termiggls of’ extensor nerves (Schmidt,

) 4

. 4 a
fB{;; Eccles, 1964). ' .
'“ sues pertinent to the work done in this thesis

T
h )



concerning the monosynaptic pathway, the disynaptic

inhibitory pathway, and ‘the présyhaptic inhibf&
i
pathway(s) are further discussed in the next . thtee

sections,

The monosynaptic reflex connection

(Ia) spindle afferents and the motonedrd'f”
in&eétigated as an Vexample’ of inté%"ﬁtion
information in the CNS, specifically the integrafion
'of descené&ng and afféggﬁt inputs to the motoneurons
/(Lloyd, 1941; Phillips and Porter, 1977). ‘It has also
served as a model system for the study of éhe\
mechanisms of synabtic transmission in the Umammélian7
nefvous system (Eécles, 19547 Mendell and’ Henneman,

1971). The stretch reflex pathway(s) has also been

&y

extensivély'studied from the.functional point of view,
. X AT ‘) .

that is what role it may have during motor activity

(Liddell and Sherrington; 3924; Mérton 1953; Matthews,

1972).

Two views on this'pathway stand out in my mind.

'y

First, although it can be regarded ag” a negative
feedback pathway tending to, oppose chjnges in muscle
length due to internal or external pertwyrbations, it
appears that it does not have sufficidnt gaiq,i}:iakf’/’

more correctly stiffness, for it . to rk as an

effective position servo-system. The best e

»



on this was done by'éeter Matﬁheys several years ‘ago'
(Matthews, 1959) in éhe” degefeﬁrate cat, a
preparation with a.good stretch r;flex compared to
other common preparations. He.meagured the stiffness
of the soleus muscle | from tensioh/éxfénsion'
measurements and foufd it to be rather low.'
Typicail&; the s;iffnéss measured in respénse to large

jrae e

slecw stretches was 75-90 g/mm or some Sﬁ.‘df 'maiihum
te;ahié tension for each millimeter of strefch. Values
up to 200 g/mm were also observed. ﬁowevér, when
small stretches are wused. (0.2 " mm) the measured
.stiffness is some 400 g/mm. Thus, the stretch reflex
behaves in a manner reminiscent of the  Ta-spindle
ending which possesses a markedly”greater sensitivity
to small stretches as opposed to large ones ,(Matthéws
and Stein, 1969). |
| It appears, thereforee' that the stiffness of the
stretch‘peflex is low to ﬁoderaté. However, it should
be noted that despite this it can nevertheless
generate .; substantial amount of tension in response
to a large stretch especially when compared to what
may be refuired in a motor act - such: as walking.
Allum,  M;ufitz, and Vogele (1982) have attempted to
measure in normal humans tﬁe contribution of the short

:Jatency (approximately 40 ms)'stretchlteglex response

in subjects instructed to resisttf dorsiflexing torgque
, i



] 1"
‘applied to the foot. They found that thé torque
produced. by the séftt latency stretch reflex response
was about 5 Nm, This represents a moflerate amount of
muscle tension when the torque to force convegsion is
made. Walking is an energetically efficient motaQr
activity requiring small levels of muscle activation
despite - ' relatively large limb displacements
(Basmajian, 1967; ﬁinter and Robertson, 1978; Pedotti,
1977). Thus, the small to moderate cont}ibutions made
by the stretch ref ex.may be sufficient to assist
locomotor activity. | |

In cqptrast to the view that the short latency
stretch reflex may be useful in assisting locomotion,
Dietz et al. havé reported that this reflex response
may be absent 1in normal. humangh during locomotion
(Dietz, Quintern and Berger, 1984). They attributed
their observation to a suppression of the monosynapﬁic
pathway. This is contrary to the findings reported ‘in
this thesis.% In chapters 2 and 3 it is shown that the _
monosynaptic refiex pathway is not shut off during
locomotion, in fact it is strongly modulated in
ampf?tude durinqx£yé step cycle. The fact that this
reflex is strongly'modulstéd ‘during the locomotor
cycle may account for the observations of Dietz et al.
(1984). In their study, the stretch of the ankle

extensors is applied at the moment of heel contact.

As/ will be described in the following two chapteré,
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"the sgensitivity of the reflei is low in this phase of -
the steb cycle and the ankle extensors relati&ely
slack. Both of thes§ factors mitigate obtaining
stretch reflex responses in that phase of the step
cycle. A perfurbation applied later in the step
cycle, when  the sensitivity of the reflex is
relatively higheri should produce an obsérvablenreflex
response. This argument is strengthened by the
dbservatidn that the same perturbation applied during
quiet 'stand;ng is followed by a short latency stretch
feflex‘ response (Dietz et al., -~ 1984). As will be
shown in chapterlz we have found that the se;sitivity
of the monosynaptic reflex is very high. in th1s task.
The otheg clear observa\txon in Matthews' stxﬁ?\ was
that the muscle under stretch reflex control bkhaves
very much llke an 1dea1ls ring (i.e., a spring of
constant stiffness at all extensions). This point was
later emphaéized by Nichols-land Houk who showed that,
in addition, a muscle under stretch reflex contrdl
behaves symmetrically to stretcb,and reiease (ﬁichols
and Houk, 1976). The linear and symmetrical“ﬁ.e., no
hysteresis) behaviour of muscle;ﬂﬁder stretch\ reflex
control may ease the required neural control. >What I
wish to emphasxze is that the stretch reflex prov1deé

a mechanism by which the stiffness of the muscle

. whxth1n this closed loop may- be mod1f1ed independent

-
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of the level ok motor output. . This would allow the
stiffness to be 'set to a value appropriate to the
motor task. For example, increased stiftness in a task
such as st(ﬁdxng where position needs to be
controlled, and greater compliance in a task.such as
walking to allow for a fluid stride. . In addition
adjustments of the stxftness of the extenlor; would -
provide a sort of tunable suspension for shock
absorptibn' during- locomotion, which is "clfarly
important in running and  downhill walking,
Furthermore, the value at which the‘stiffness is set
will determine the extent to which ia afferent
activity w1Jl contr1bute via the stretch reflex
pathway to the ‘total motor output. It should be noted
that the view ptesented herg, that the reflex
stiffness of a muscle may be modifiedh_té;'suft _ the
requirements of the motor task, is quite different
from that of Nichéls and Houk (197¢). They suggested
) that the muscle stiffness was reguléted in- the same
sense that position qr temperature are regulated in a
suitably designed control system. In other words, in
K;heir view, the function of the streth reflex was to
insure that the overall stiffness of a muscle doeg not
aepart from a set level. In fact, Heuk (19”6)'argu§d
"that this set point wasé:j:jfant and invariable at all
levels of motor output {ges’also Berkinblit, Feldman,

and Fukson, 1986).



. This | br;ngs us to the Second po1nt, the;'stretch‘“

reflex,‘ eSpec1ally 1ts mondsynaptrc componéht has

| tradltlonally been' viewed as a stereotypedj resporse
- -

,1th lxttle ‘or no scope for mod;flcat1on. Indeed,

fhas' -been hypothe51zed that the adaptlve ‘capacity ofm-'

“the organ1sm to respond to muscle stretch produced by,-

tfloop 1nVOIV1hg fthé; motor cortex (Phllllps,- 1969-

'ﬁa, perturbat1on to a l1mb 1s due to ' transcortlcal

;f_“fW1esendanger, Rueggr and Luc1en, 1975) . To date there’}

is n general agreement that such a- transcortlcal"”

reflex 'operates durxng natUral condltlons (Darton et.7

ftal 1985 Matthews, 1984 -Houk 1978) althoughrthe

"‘!here is*;no good evidence that the so. calledi ﬁlong

Hfslatency" ’responses are- modlflable on a mOment to

€

’?’“;erssentlally monosynaptlc responses are modlfxable by a'

7central mechan1sm,-'onj a moment to- moment ba51s

’1ndependently of the 1evel of motor act1v1ty, and they

;;a:&, fspec1f1cally ‘ adapted 11t6; thev motor task

5}?Furthermore,. the changes in the amount of presynaptlc

'-ﬁinhxbxtlontactlng on the Ia afferent termlnals 1n sthe
1s th pr1mary central{'-mechanism

C e
.

"tconnectlons are known to ex1st (Cheney and Fetz 1984

'i‘vah1111ps et. l,u 1971~4Hore, et. al- 1976) ,Inffactl

\tfcmoment baSlS (see for example Houk 1978 Marsden et.
"i}j11978) ‘ One of the major p01nts of thlS the51s 1s'

:7f, hat the above v1ew 1s 1ncorrect. ’ The short latency *

D v‘
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respon51ble“'for this adaptiVe capacity, Fus1motor 9;

)

”act1v1ty, as tw1ll be dlscussed 1n the*body ﬁOf the

the51s, would tend "to. relnforce the central effects.
.%‘.; . .
Thus, such -a capacxtymgo control the efflcacy ,of '
£ . '
‘synaptlc transm1551on between the Ia afferents andwlhe
- 3 . ,,' & L

“-'motoneurons, on a moment to @oment basxs,~would allow

p-’ '}-’. ‘ ,&.

gfor‘fgheﬂ adjus;ment of the stlffness of he. stretch
reflexd'to av value approprlate to .ey-motor task

‘Inaééa* thls may account for such observatxons as the,"'
: s
1ncrease of stretch reflex stlaness 1n man when the

motor task 1nvolves stab111&1ng*the pos1t10n 4of an

unstable« load (Akazawa,‘ Mllner,. and '§te1¢f;

‘ Furthermore,; 'thlS» .adaptive beneflt wousd g . be

. ]
v

delayed by hav1ng “to” traverse .long ~loo; paxhvayshvh

v(e g.,,transcort1cal) - o R o

The‘diSynaptic’inhibitory pathyay'v'y"'l?. -

b_ Thef. well - known short latency. inhlbitign[ of
motoneurons Aby.‘ electrical stimulationf of « the

- eantagon1st nerve (Lloyd 1941, 194é) has been shown by’
‘ Eccles and colleagues (Araki, Eccles,“and‘Ito,"IQBOF
~Eccles; 1964) to be due. to\an 1nterneuron 1nterposed
hetween the Ia- afferents and the motoneurons of the
antagon1st muscle. - Thls was contrary to the view of
Lloyd that ‘this 1nh1b1tory pathway was. monosynaptic.
Eccles in‘ hlS book the "The Phy51ology‘of Synapses

;(ﬁccles, 1964) summarlzes the ev1dence obtalned from a
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'nseries of. experiments showing that there exists an
1nterneuron 1n this 51mplest of 1nh1b1tory pathways of-
the mammalian CNS. Briefly, the Ia 1psp has a time'
course comparable to ‘that of the 1nh1b1tion of reflex
) discharge (Brock ~ Coombs, and" Eccles, ‘1352), vthe
-latency of the ipsp is 1. ms longer then that of the
epsp. - Furthermore, this latency is comparable to that‘
ef the first detectable 51gn of 1nh1b1t10n of ventral
root reflexes (Araki, Eccles and Ito,_1960) The next
‘major progress was the finding by Lundberg (1966) thatA
. lthe‘ Ia- 1nh1b1tory 1nterneuron was ‘unger; supraspinall
.control. ‘This led to the hypothesis.fgf\\fa—linked
inhibition" WEerebY:'activetion of motoneurons wasi
linked‘.to the‘ simultanebus. excitation :of‘ the Ia
inhibitory interneurons pro;ecting to the motoneurons
cf the antagonis_t muscle( This hypothe51s 1mp11ed
3ipotentiatioﬁs of 1nh1b1toryf action at this synapse'
‘,preceding as well as ddring‘a movement 'Support for
this hypbthesis ‘was obtalned in the early 'seventies m
(Taneka, 1?7@) injexperiments'on the ankle musculatugg
of human‘subjects.  Howeyer, ‘recent reexamination of
this issue hasifailed'tc_confirm:a potentieticn ot the
inhibitory action ‘ath.thisi synapse M_accompényihg
vdluntary ‘actiVation, of the ankle' extensors (Iles,
v1984;‘¥Crone; Hultborn and Jespersen 1985) . 'This
?\‘i55ue is more fully discussed 1n the fifth chapter of

this the51s.‘
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Another <:portant point on th1s pathway is that all
. b °

‘the - known 1nh1b1tory projections onto the Ia

inhibitory" 1mtarneurons are from other inhibitory
X . . rd .
interneu:ons in the spinal cord, There are no known-

rasplnal 1nh1b1tory connect1ons onto the Ia-.

'1nterne fons. They are 1nh1b1ted by Renshaw cells . =

whose motoneurons receive the same la-afferent 1nputa
Voo )
They are also 1nh1b1ted by the Ia inhibitory

interneurons associated with the motoneurons® of _the

’ N : i M N . g -
antagonist muscle. ¢ This is referred to as mutual

£
-
1S :’V

inhibition of opposite Iaéxinhibitory interneurons
(Baldissera,  Hu1tborn and Illert, 1981). The two

interneurons  providing inhibition onto - the Ia

,inhibitory interneurones are under supraspinal

control, . thus,allowing for the supraspinal inhibition .

of'Ia.inhibitory interneurons.

The presynaptic inhibitory pathway

The literature on presynaptic'inhibition in -the

~spinal cord 1is extensive (rev1ewed by Burke and .

Rudomin,'~1977; Ruddmiﬁ, 1980) and goes back to Barron
and ‘Matthews (Batfon‘ahd Matthe%ﬁg; 1938) wuo studied
the‘;:elated phendménon_of dofsalAtqot' potentials in
the frog épinal cord resﬁlting t:om high frequency
stihulatipn af afferént fibres. Here I want to make

thfee points on - this mechanism that controls tHe

efficaty of synaptic transmission. \



The first is that it can produce its effects

sufficiently. rapidly to be capable of modulating

‘reflex transmission on a moment to moment basis. For

uwexample st1mulat1on of flexor group I flbres ptodgpeé

tw1th1n a few milliseconds presynaptlc inhibition of

extensor group la-afferents (Frank and Fuortes, 1957)

the same 1is true when presynaptlc 1nh1b1t10n of

X/;kferent fibres is produced by suprasplnal structures.

(Rudom1n, 1980) . The seabnd point is that presynaptic
1nh1b1t10n can be very specifically d1rected onto

certa1n types of term1nals at the exc1u51on of others

{ [}

~which are in the same v1c1n1ty. For example,

vestibuldspinal fibré_ﬂ terminals projecting - to

motoneurons are adjacent to those of the la-afferents

since  the interaction between théir epsps in the

‘motoneuron soma is nonlinear. Stimulation of a flexor
nerve at group I strength produces  presynaptic

inhibition of.thk Ia- afferent fibre termlnals but has

no effect on those of the vestibulospinal fibre

been shown. for presynaptic inhibition of terminals in

ey

terminals (Rudomin, 1980). This specificity has also

the sp%nal. cord produced by .'supraspinal structures:

such gs~the'red.nuc1e05,' Deiters's nucleus, and the -

sensorimotor cortex (Rudomin, 1980). The speed and

specificity of. action are due no ddubt to the

A

existence of specific interneurons . mediating

2

“ o - . .18
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pfesynaptig inhibition (Jimehez, vRudomin, Sblbdkih,‘
and Vyklicky, 1984). - . Finally, }i during a néturala
[ ’ i

- N S .
motor activity a change in reflex ‘transmission is-

" found to be due to presynaptic inhibition, the source

e
i

of this inhibition may be of either central or
peripheral origin.
Reflex activity during locomotion

The modern view on the generation of  locomotor
- §

activity in thevmgmmal has been’summarized bj Golillner.
- . O . !

-in three recent reviews (Grillne}, 1985; Grillner and

Wallen,,1985; Grillher, 1986). 1In Grillners' view the

‘basic locomotor pattern, that is the timing‘relations

between the activities of the various muscles, is
produced by ‘a so called central pattern generator
(CPG) located in the spinal cord. . The CPG can,

appa%ently in the total absence of afferent inpuﬁs,

ﬁproduce appropriately timed motor bursts in the

various muscle groups., Grillner, ‘however, has

repeatedly stressed that in the intact animal the

]observed locomotor pattern is a resultant of both

R . :
qéntral and peripheral factors acting in concert. A

clear. example’g% how afferent activity from the .leg

-

can inferan the motor output is provided by the

entrainment of locomotor rhythm produced by hip
era. . L _
afferent. inputs. During normal’'locomotion in .the cat

"\

if the hip 1is prevented from exténding during the
. / i ’ v
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y.paﬁgg of stance the discharge of all leg

extensors is prolonged wuntil the leg is released

(Gri
the
will
-as
C¥r
is
the
hip
the
exte
swin
end

Pear

‘that.

They

moto

llner and Rossignol,  1978). 1If on the otHer hand
‘hip Jo1nt is extended in the same phase the leg
flex and this at about the same hip Jo1nt angle

would occur naturally. Furthermore, in the

W

'moved s1nu501dally by ‘an externally applled fbrce

f1ct1ve motor pattern is- entra1ned by the applied

I

movements (Andersson and Grlllner, 1983). Loading'

caﬁ during the stance phase ‘produces enhanced

a9 . R . o . .
rized fictive locomotion preparation, 1f the hip .

nsor activity and delays the initiation'.of the

é phase;. .convgrsely, udlogding the animai at the

of stance promotes limb . flexion (Duysens an

.0

son,  1980). These(eiamples clearly demonstr
afferent inputs can directly influence the CPG.

serve to reinforce the, point that the pattern of

r output observed in the intact _animal is a

- resultant of both central .@ct1v1ty and movement

rela

thos

ted feedback. These ideas are in agreement with

e of Pea;sbn (1985) who argues that the %fncept'of

a CPG i‘s misleading, since the motor output pattern in

the
déaf
and

in

intact animal may he different from that in the

ferented animal. - He shows that in locust flight

cockroach locomotioh-the motor outputfis different

i

the“vintact animal compared to the deafferented

preparation (Pearson, 1985). Inj particular, the

o

Y
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timﬁng relations between the “motor .bufts of the
various muscles is altered in the deafferentéd animal.
In these two systems the concépt of the CPG as
described by Grillner is not applicable (see, Grillner
and Zangger, 1975). Whether the concept of a CPG, as
an entity in thé‘spinal_cord that can appropriately -
time the motor outputs to the 'Various locomo&br
'musglés in the absence of peripheral feedback, s
~applicable to the human is not known. This is,
obviouély, of scientific as well as clinical interest.
The céuntefbarﬁ of the above pﬁenomenon, namely‘the
selective ncoﬁtrol by the CPG of the effects of
afferént inpﬁts on the motor output, has also been
observed. 'For exaﬁple, if the foot encounters .an
obstacle during.the swing phase, that is when it isiin'
the air, this results in hyperflexion of the leg so as
to pass over the obstacle (Forssberg, ;979). The same
stimuius during the stance phasé»does not cause a  leg
flexion as this might céuselthe_vanimal to fall.
Instead, it increases the extensor activity presumably
_until the other leg is placed on the ground. This-is
a classic exémple of the central coatrolb of the.
effects of afferent.input on m6Eor output.
.. The above éXamples involved :5: the most part
afferent inputs - from joint and skin afferents. The

effects of .fhe Ia muscle spindle afferents on the

(
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motor output\‘during locomotion have been much less
studied. In,\gsnéral, the reflex effects of the
cutaneous and jo}nt afferents influence the timdg of
locomotor activity. Tn contrast, muscle afferents
influence the'a@blitude of locomotor activity, and may

_in addition have some effeét in determining‘the exact
4d#;$tion of q"motor burst depénding on »thé exact
;inematic evenﬁél as will be explained in the final
chapter.of this thesisfl However, like cutaheous and
joint influences.on thé locomotor output, those of
muscle afferents mus 1also be regulated by a central
mechanism(s). Referring to extensof muscles of the
leg, a sﬁretdh reflex would reinforce activity during
the stance phase, where these muscles yield under the
weight of the' body, whereas it would oppose the
flexors during the'swing phase when the extehgors are
stretched by the flexor activity {Akazawa et. al,
1992; chapters 1 and 2). Prior to the present

%&ydies only that of Akazawa et al. (1982) had
v Ltﬂ"! X - - . .

systetmatically investigated'the reflex effects of Ia--
spindle afferents during the various phai;s of the
locomotor cycle of the mesencephalic cat. This thesis

takes its origins in part'grom that initial study.

Outline of thesis
"The chapters of this thesis are ordered in a

logical 'sequence rather than in the chronological
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sequence in which the experi ts were -done, Each of.
the studies described in the following chapters was
done to answer one or more of the following questions:
1) Is the shart latepcy,' essentially monosynaptic,
reflex fesponse of the soleus muscle modulated in
amplitude'dqrfng the step cycle?

2) Is the modulation sp:cific to and of functional
importaqce for the task being per?bfmed?

3) Can the amplitude of this reflei‘ be controlled
independently of the level of motor activity?

4) 1If so, what is the mechanism(sg)?

5) Is the segmental inhibitory pathway (Ia inhibitory
iéferne on pathway) to the soleus motoneurons shut
off during eir active phase in the locomotor cycle?
What 1is the quantitative relation between the amount
of inhibition and thi amount of‘@otor activity?

The results obtained in answef to the first three
questions are contained in the next two .;hapters. As
mentioned above my interest was‘ in identifying a
tentral factor that may be responzible for any
possibie reflex modﬁlation during -‘natural “motor
activities. | Therefore, exéerimental manipulations
such as stretching a muscle produce fesponses that
depend on the state of the fusimotgr system and hence
the sensitivity of the musclé spindles, a peripheral
factor. Elecérical stimuIatioéu of a .nerve'” was

therefore used since it is largely . independent of
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peripheral factors such as the sensitivity of muscle
spindles (see Chapter 2 for further details). - Thus,
the monosynapfic reflex was elicited in humans by
applying an electrical stimulus to the tibial nerve
and recording the direct muscle response (M-wave) and
the subséquent reflex response of the Soleus (H-
reflex) electromyographi‘&a'lly.‘? .The Soleus muscle was
used for several pﬂys1olaglcal ;nd methodolog1cal
reasons, It is a major ankle exéensor and thus is one
of the most important mus;les providing forward thrust
and lifting pf'the body dufinainormal locomotion, It
also has a well .developed stretch reflex which
manifests itself in gn easily obtainap}g, H-reflex.
Finally, Qné can record the electromyograpﬂic reponses
,0f~ this muscle‘in relative isolatioh from those of
other ankle extensors (Hugon, 1973)." The method was
first developed by Hof fmann (Hoffmann, 1922), . hence
the ‘designation Hoffmann reflex (H-reflex) in ~his
honour. It has been used to test the so called
excitability of the motoneurons under either resting
conditions, preceding voluntary activation of the
~ankle extensors (Kots, 1969; Paillard, 1959) and
du;ing tonic ‘contract' ns iﬁ the sitting position
(Gottlieb, Agarwal,va d Stark, 1970).

Until the preseg study, and exéept for a short

dbstract (Garrett et <, 1984) and a short paper
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(Morinleﬁ al., 1982) it had never been)used to study a
natural, dynamic, motor task. The_téchnical details
cdgzgrning its application during human locomotor
activity are fully described in the various chapters
of\ this thesis. It 1is often suggested that the
téchnique.tests the excitability of the‘motoneurgns,
whiéh is a factor intrinsic’ to the"motoneurons
themselves. The method inevitably also tests for the
state of‘transmission Setweén the Ia-afferents and the
motoneurons. Furthermore, as will|rbev described in
éhapter 4 the method may in fact be.independent of the
intrinsic excitability of the motoneurons when
} comparisons between reflédxes are made at the same
level of motor Sﬁtput. In fact, the fourth chapter is
a theoretical analysis gf what central factors
(presynaptic vs postsynaptic) may .be involved in
changing the 'input-butput relations in the
monosynaptic pathway. and thus adresses the fourth
question. It should be pointed ouf that the
conclusions reached in that study are contrary to

those in chapter 2 which were based on a qualitative .

analysis of the problem. ‘ e

o

Finally, the results relating to the last question
are presented in the fifth chapter. The state of the
Ia-inhibitory pathway to the soleus motoneurons was

tested by its effect on the naturally occurring motor
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activity, as measured from the rectified intramuscular

e.m.g., as oppoéed to the traditional conditioning/ .

test reflex paradigm (e.g., Tanaka, 1974).
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I11. AMPLITUDE MODUtATION OF THE SOLEUS §-REFLEX IN THE

HUMAN DURING WALKING AND STANDING

It was reported recently that the stretch reflex
of the soleus muscle was strongly modulated in
amplitude during the walking cycle  of the
mesencephali; cat (Akazawa et al,, 1982). Moreover,
the modulation of the ampﬁitude of the stretch reflex
was not simply a functio® of the level of activity in
the soleus muscle. This demonstration depended on
comparing reflexes oﬁtained during locomotion to those
obtained during similar levels of tonic activity which
‘occur. spontaneously in -the mﬁgencephqlif‘. cat.
Therefére, it 1is possible ﬁhat tht efficacy of the

synaptic transmission between the lIa afferents and the

motoneurons may be modulated by central neural

mechanisms independently of the level of motoneuronal

activity (Akazéwa et al.,, 1982). However, bLecause the
studf used a reduced pfeparation and relied‘ on
spontaneous changes of activit}, the utilization and
funﬁtional value of such a modulation during

voluntary activity remains unknown,

A version of this chapter has been published.
- Capaday, C. & Stein, R.B. (1986)
Journal of Neuroscience 6, 1308-1313,

39
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Does a functional modulation of the stretch reflex
occu! Jn normal human subjects, and it so, ;what is its
orxgxn? Surprls1ngly, these questions have been the
subject rof %Lly brief reports (Capaday and Stéin,
v198 ; Gartgtt et al., 1984; Morin et al., 1982).
WalkWng and sganding were chosen to investigate these
questions.ié mbre détail, because the stretch reflex
is of functional value in both tasks (Dietz et al,
1980; Dietz et al, 1979; Nashner 1976) and may be used
to a different extent in each task. Walking requires a
certain amount of compliance (Houk 1976), whereas
standing - may require a more rigid control of ~ankle
position, In priﬁciple, a modulatioq of ‘'the
amplitude of the stretch. reflex can Se;groduced by a
shift of reflex threshold (i.e., the curve relating
reflex output to stimulus input is shifted along the
abcissa without changing its slope; Crago et al, 1976;
\Houk, 1976, 1979) or by a change in reflex sensitivity
which would‘ change the slope of the input-output
relation, These two possibilities may result from
.qu1te different neural mechanisms.

There are obv1ous technical dlfligult1es in
applying, during walking, perturbations that would
stretch a muscle group of a- normally moving 1limb,
However, ‘kkazawa et al. (1982) found that in the
mesencephalic walking cat the amplitude of the H-

reflex angd the stretces_reflex were modulated in

<3
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_essentially the same way. It was alSoxtound in this
preparation, that during spontaneous sga;es of tonic
contractions the amplitude of the H-reflex Hparalleleq
that of the stretch reflex (Akazawa et al., 1982; see
also, Aldridge and Stein:1982). Furthermore, while
the H-reflex and the stretch reflex are not identical
(Burke et al., 1983, Burke, 1984), both depend in
large part on the synaptic connections between tpo la

3,

muscle affe;ents and the otoneurons. Therefore,

the amplitude of the H- and the stretch reflex

may -have similar tempora iles during the course
of a movément or postural state, although the extent
of facilitation'or depression of each reflex may not
be exactly the same. %o the extent that the H-reflex
is less dependent on the peripheral'effects of the
fusihotor System on muscle spindles, it should provide
a better measure of any change in §ynaptic efficacy
between the muscle afferents and the a-motoneurons.
- There is, howeve;, a problem in maintaining a constant
electrical stimulus to the tibial nerve at all phases
of the step cycle, but this can be minimized (see
L

Methods).

In this paper it is shown that the H-reflex is
deeply modulated during walking in-humans and that

this modulation is dependent on central mechanisms of

which the levelsof a-motoneuron excitation is only one

-



o Y.
_¢omponeht.‘: The moduiation ié aécohpahied by‘¢hangés
A injbéth reflex sensitivity and. reflex th;éshold;
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'MATERIALS and METHODS |

EXPERIMENTAL PROCEDURES -

H-reflexes were obtained from# human subjects
during level walking on a treadmill‘at;g’,comfortable _
speed (0.6-0.8 m/s). The aVerage cycle/€$me was-aboutt
Wf.4 s/step. A silverl disc stimulus electrode’

:(dlameter of active area = 0.7 cm) was placed over the.
't1b1al nerve in the popllteal fossa + fastened to the‘
'skln w1th adhe51ve tape, and secured by a velcro strapv
'around the leg. The stlmulus ground eleétrode was
»K\‘ Lplaced e1ther above the patella or above the, poplltear

\\.rfos

. - Care- WaS= taken 'in"the placement ,of'-

Jdlnt S1m11ar surface electrodes were‘,placed’
N .

over the soleus and t1b1a115‘§nter10r (T.A.) muscles

"to,record the EMG act1v1ty. C Theut1b1al nerve naS»
i st1mulated in a pseudorandom sequence at
-J;hat ellcrted both .an M-wave (direct -

o R TR S o
‘a-motoneuron axons)  ‘and an -H- wave

response;,‘%o stiqplation of Ia muscle

e

: afferents) ; The minimum 1nt%r st1mu1us interval was

‘ﬂ4400 ms;fand the maxmmum was 2{5’.’ Although some H?;

depre551on %an,'ocCur at inter-stimulus

1ntervals in the lower part of th1s range (Tabor1kova_v

and Sax, 1969) these rather short 1ntervals were used‘”“

to mlnrmlze ﬁatrgue_1n,the walk1ng subjects durrng_the



‘muscle - nervg

Emusg&e length

e .
“
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k)

course of prolonged  experiments. Moreover, any

. " N v‘\ . .
potential effects of the inter-stimulus interval were

_minimized‘ by . random1z1ng he.»intervals7 and ‘by

averaging _the 1nddv1dua1 responses (further described
below). _ | '

'The EMG signals of the.soieusgand_tibialis anterior -
muscles, were amplified,; higH'pass filtered ( 10 ‘Hs

RC-filter) and recorded on FM’magnetic tape along with

‘the stimulus marker;' The data was later analysed‘on

a computer. Because of changes nn dlstance between the

nerve and the stlmulatlng electrode dur1ng walklng,‘

'Vthe effect1ve stlmulus strength (current den51ty) was

Anot constant throughout the walklng cycle. However, by

,“

. repeat1ng " the. experlment ‘at several stlmulus

‘,1ntensrt1es and u51ng the M-wave as a measure. of .the‘

effeet1ve stlmu}us strength, H—reflexes occurrlng» at

various phases of: the step cycle could be compared at-

'equal stlmulus 1nten51t1es. Moreover, the data were

selected fFom a range in which the ﬁ;reflei? was

relatxvely independent Of the stimulus;strength”(Fig.

2,1 ) “this. range was simflar durlng walklng and durlng.

v

astandlng. . furtuer{prqblem is that the 51ze of 'the’

- EMG response to a- constant electrfcal stlmulus to the

L w

vaﬂye su@ntgﬁgantly at’. d1fferent>

';éjnman et ale, Y§52) However, both M‘*

[ 23

‘"8nd H- waves- are affected in the same_ way, " 80

g -

.ma;ntalning‘a constagt Mfwave should largely overcome,
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this problem.

It may be argued that a stronger ’stimuiuS"isM‘
'requ1red to produce the same M wave when the, muscle 13'
; active . However, the relative refractory period'of

human nerves is between‘4~5 msec, whereas the highest

~discharge rates of soleus motor unlts is between 10-15

spikes/s (1.e.,;wg9p§ o f%;e every - 60-100 ms).

PgnZy

Therefore, only a smap’, f&&ﬁlon of motor unzts will-

n
. ‘ GENED

be refractory at any ,tlme ’and the procedure of
matching the amplitu'es'of M-waves as a measure .of
stimulus strength just1f1ed In _’fact,u an;

essentially maxlmal//M-wave ‘can ‘be":obtained even

during a maximum volunta&y cohtraction,
.In a second series of experiments, subjects were
nstructed - to maintain tonic contractions of the

Q’soleus muscle’at’various levels while. standing.  To

"increase the level of the contractlon subjects shlfted

1

progress; ly more of thelr body we1ght -onto the leg’

used for xper1mentatlon and went onto their toes.

'During; these' aintained tonic contractlons eiectrical‘
stimuli were‘applied to thetttbial:nerve in the“:game
pseudorandom‘ sequence as dufingeﬁalkipg. The whole
'range,of maintainable‘uoluntary.activity’of thersoieus

was investigated.
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Figure 2.17 H4fefléx‘andHM-wave amplitude recorded

from theé sbleus muscle as a function of the ‘intensity

.?Qf?»the4stimulivapplied to the tib{él’nerVe; Néfe,thek

 fange{ in which thé'H~ref1ex_ahplitUde is :élétivgly
constant in spite of a large variation. of M-wave
- amplitude. |
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DATA ANALYSIS

The data was énalyéed on@ digital computer as

follows. The EMG activity of the tibialis anterior

(T.A.) muscle was full-wave ‘fectifieﬁ, low-pass

filtered (20 Hz RC-filter), Paynter filtered (3  Hz

cutoff), and then passed'ihrough a Schmitt trigger to
genérate a pulse which served as é step marker.  An
EMG signal was preferréd as a"step"'marker because.
fitting . shoes with heel céntacts or strain gauges

could affect the walking. The large and randomly

.occur:ingfstimu1usvevbked EMG in the soleus made this

signal unusable as a step marker, so the'EMG*activity

~of the antagonist (T.A.) was therefore used.

The computer used the latency between a step marker
and a stimulus marke;’tq determine in which of 16
possible infervalsT(or phases of the step cycle) the
stimulus occurred .(a .detailed description -of _the
anaiysis procedure cén be found in Akazawa et al.,
1982). Respoﬁses .oﬁcufring}in the.same phase’bf the
step cycle were averaged tpgether; The dufation of
each average was 76.8 ms from the time of stimplation,v
which was sufficient to include.fhe M-wave and " H-

reflex.” The amplitude of the H-reflex as a function

of the phase in the step cycle (16-phases) was thus . -

. obtained. As explained above, H-reflexes occurring at

- various phases of the étep cycle were groupeq for

3

comparison by matching the.avéraged amplitpde of - the

’
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M*wave;‘ ,

The peak to peak amplitude‘of the\H-reflex'Obtaiﬁ%dv’
in each of the 16 phases of the stép cycle was plotted
against the mean level of EMG activity in each of the
phases. These results were dompared to those obtained
"durigg steadily maintéined contractions. '
| in a few' experiments walking subjects were
videétaped. Using - a spécial effects generator the
fuli-wave rectified and sméothed EMG‘activity of the
 soleus and "T.A. muscles auring“‘ dalking, was

-walkihg‘ subject. Thus, the EMG activity could be

superimposed in real-time ' on the videotape of  §§?
directly compared to changes in ankle angle and hence

" changes in soleus muscle length (see Fig. 2.2).

%
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.averaged (n = 100) EMG q@&tyity of the soleus and T.A.
muséles of the ankle déring walkiné; ' The EMG during
'b ‘individual s£eps waé superimposed on .a video‘régorded
. image of the ’walking subj_ect, so that the EMG could. be
céfrelateé with various k‘\’iheina"tic features of the step
cycle which aregndicated‘;iby arrows (further details
in resulfs%. Abbréviatib&é:b heel contact (HC), foot
flat on (the ground  (FF), ﬂéel off (HO), ﬁoe off (TO),

muscle.s'hox'tening -(S)',' muscle ‘lengthening “(L). ~ The

backgréund ' EMG Q llevelw.“of 10-20 vV | is &a'inly '

attributable to amplifier n‘oiseA and perhaps some DC

offset in the rectifier circuit.

#



50

RESULTS | é
~EMG Ac'r_x-v;TY OF SQLEUS AND TP.A, DURING lALKING

The fuli wave fectified; RC-filtered, and averaged
(n = 106)?EMG activity ofvan‘ankle extensor, soleus,
énd an ankle flexor, T.A., during walking are shown in
Fig. 2,2 (see also Fig. 2.4D). 1In this exper iment the
: subject was videotaped during walking and the various
étep‘markers commonly used,in human locemotion studies
were correlated with the EMG activity of the soleus
and T‘A; muscles. The EMG activity of soleus usually
began before the heel touched the ground (heel contact
=‘HC), ‘1qcreased during most of the stance»phase, and
‘terminated abruptly just before the toes were lifted
};pff the ground (TO). After heel contact the soleu$
~muscle shortens (S) until the foot is flat on the
_ground (FF), if then lengthens (L) until the heel
comes off the ground (HO), .and finally, it shortens
.(S) between HO and TO. The length changes of T.A.
during this perlod are of course in-‘the opposite
direction, - | |

The T.A. EMG activity consisted of fwo prominent
bursts., BE‘he first bﬁrst in Fig. 2.2, was assoc1ated
with the ankle dor51flex10n vhich occurs late in the
swing phase. The secondir usually<larger burst began
at about ﬁhe same time as HC and continued until about’
the time the fooﬁ vas flat on the ground. 'Since the

soleus muscle was also active during this time, HC was

v ‘v Q.
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followed by co- c0ntract1on of these two an{agon:stxc
musclesd The extent of this cq:contractlon may differ
from subject to subject. Some have relatively little
Qsee Fig, 5.4) btﬁers considerébly more (Fig) 2.2,
2.4, | |
_AMPLITUDE MODULATION‘OF THE H-REFLEX DURING WALKING
The amplltude of the soleus H-reflex in each of the
qﬁhases of the ;tep cycle of one subject is shown in
Fig. 2 3. The flrst phase in this example occurs at
about the tlme.of HC and the period of analysis (1.5
s) océupies aﬁproximately one step cycle. Each of the
traces 1in Fig. 2.3 was selected as described in xhe
Methods section. The reader should note that despite
a relatively constan@ amplltude of the M-wave (mean =
1.31 mv, S.D = 0 31) the H-reflex 1is strongly
modulated thréughout the cycle. vThe H-reflex was
small at the time of foot contact, but increased
rapidly to a maximum value and then decreésed very
- ‘abruptly after TO, " A '
In Fig. 2.4 the peak to peak (F-P) ampiifﬁdé of
 the H-refleg was.plotted againét the phase in the step

cycle. The 'P-P amplitude of the M-wave was also

-~ plotted égainst' the phase in the step cycle. The

average (n = 7b).rectified and filtered EMG activities

"of the goleus and T.A. are also shown in Figq. 24, In

this example,_ the amplitude of the _soleus H-refiex.

o
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covaries directly with the EMG activity in. this
muscle.

In the example shown in ?ig. 2.4 the amplitude of
the soleus H-reflex is closely related to the EMG
activity of the muscle.  However, such a close
correlation between the EMG activity and the reflex
amplitude was ‘observed in only three of the six
suuifgts. In the other three subjects, the soleus.H-
refléx amplitude was‘stronglﬁrmodulated in amp}itude,
but the variation was not as closely correlated with
the EMG activity of the muscle. Two such‘examples are
shown _ in Fig. 2.5. In Fig. 2.5A the peak reflex
amplitude occufs'prior to the peak EMG level.

Another example is“shown in Fig. 2.5B in which the

reflex amplitude is not closely related to the EMG

activity, being high thfoughout the stance phase. 1In

. this and other subjects, the peak reflex amplitude

attained during.walking was not the maximum possibie
(see following section). Therefore, the. broad,

relatively flat reflex peak seen in Fig. 2.5B is not

-due to a saturation phenomenon.

It seems unlikely that the observed battern of
ampiitude modulation of the H-reflex duriﬁg the
yalking cycle is due to changes in the refractoriness
of  the la-afferent fibers. There are two phases in
the wélking cycle in which the Ia-afferents discharge

at high frequency and hence where these afferents may

<
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Figure‘ 2.3: M-wave and H—refleg‘ response to tibial
nerve stimulation at various phasés of the step cycle.
The topmost trace represents the response of soleus in
the first phase of the step cycle (i.e., the»a&erage
of 14 responses occurring ih the first 94 ms after the
step‘markér,'which was seﬁ for this subject at about
the time of dorsiflexion). Subseduent traces are
responses which occurred progressively later in the
& ‘

step cycle. = The third trace from the bottom occurs

at about the time of TO.
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Figure 2.4: Amplitude of the H-reflex (P- P) g'ﬂf“
function of the phase, or time, in the step cycle;i /
amplxtude of the M-wave (mean = 1.31 mV, S.D = .31
the various. phases of the -step cycle is also sho 5

well as the EMG actxvxty of. soleus and T.A. musc.
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show the greatest degree of refractoriness, During
the swing phase the soleus is stretched by the ankle
dorsiflexion and the la-afferents consequently
discharge'at high frequgncy (Prochazka et al., 1976),.
The s;me afferents also discharge at high freduency
during. the stance phase when £he soleus is stretched
'betweea FF and HO as the bdﬂy rotates over the ‘ankles
(Prochazka et al., 1976).* However, during stance the
H-reflex is relatively hidhh‘ whereas during swing it.
is. low, The H:?eflex is also low in the period
between HC and FF when the soléus is both actively
contracting and shortening and therefore the discharge
.rate of the Ia—afﬁerents is relatively 1low and so toP
their degree of re%ractor@ness. Therefore, i{gqhanges
PR

“in the dégree of refractoriness wd@ the only factor
. ¢ .

.contributing to the observed amplitude modulation of

”;Méghe ijeflex, the H-reflex should be high during 1low
% refractoriness (e.g., between HC and FF) and low
. during high refractoriness (e.g., between FF and HO),
but exactly the opposite was observed. In summary,
changes in the degree of refractoriness of the Ia-
afferents may influence the ma@nitude but not the

pattern of the observed amplitude modulation of the H-

reflex during walking.
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- Figure 2. 5 Othef examples of H- reflex amplltude as a
.,,\-fun.ctibn_ of the phase 1n the step cycle. :'Ip -each -
‘cése thg correspondmg soleus EMG act1v1ty - is ,-»-,béls'o

‘7;‘shown for.companson. Detalls are g1ven An the text.
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‘contractions of the soleus muscle at
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COMpARéNG H—RErLExEs'IN*TONICicONTgACTIONs,AND-WALKING

The 7amplitode of the~H-reflex;‘ o talned whlle the

1Isﬁbject"*wash‘Tstahdidgf‘ahd | steadll‘"d:':;nta1n1ngl ”

_;s_ levels,

vas: compared w1th thay obta1ned durlng walklng. ‘The‘

subject rel1ed .on a chart recorder dxsplay ~of " the"

'rectlfled;; and’ . smoothed SOIehs EMG act1v1ty to
maintain a stead@@contract1on at the requxred level_

for a perlod of about 20 30 s. The amplxtude of the H-7

vreflexes obta1ned 1n one sub]ect durlng stead1lyf

r

ﬁgiﬁtaxned contractxons,i is- plotted 1n Flg. 2.6 as:- a”

' funct1on of ‘the mean level of the soleus EMG - act1v1ty.

 The - amplltude of the H reflex obtalned 1n the same:

subject durlng walk1ng 1s also plotted in Flg 2 6 as

.'3 a funct1on of the mean EMG level (1 e., the mean EMG

!“level dur1ng the phase in wh1ch the reflex‘ occurred)

%

: It :cani be seen that the amplltude of the reflex -wasc
‘rlarger durlng malntalned contractlons (referred to as

@ﬁtandlng below) _ than-dur1ng walk1ng, -and that xthel

dlfference was greatest during low level act1v1ty In-

'thls example, ‘the slope of the best f1tt1ng stra1ght

A : »

. llne,p 'the least squares sense, was 0. 015 mV/ V’

4

f(ngg.= 0.b16) for standing, and o. 075 mV/ uV (S.E =
"0;012) ;;for‘ walklng,{ thus,z there 'was,la, h1ghly
'statisticall'bp 51gn1f1cant dlfference between p the

_ slopes in the two condltlons.‘;A0£ partlpqlar 1nterestf o

‘ ' ‘ - ) R T
: » o — o : SR SRR R I
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“ _,Flgure 2.6: Soleus H-reflex ampiitude‘vduriﬁéj :w'-alkirig :
' (*) and standing ( ) as a functlon of 'EMG 1evel a&¢ 
 >t‘he~ marked dlfference _in_ the slopes‘ (m é' 0. 075‘ 

ﬂwalking,x‘ i‘= 0. 015 standlng) and y 1ntercepts (b = -

;0 54 walkxng, b = 3'1 standxng) ‘of the stra1ght llnes

whxch, were .computed ;to' minimize -the “mean square.
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is  the large amplitude of the‘H-refle; at "zero" EMG .
flevel »(y—intercept) which 'will be referred to ”as
nﬁquietf standlng’dThus, the reflex sensxt1v1ty (1% e.,‘
the slope of the 11ne relatlng H- reflex ampl1tude'vto

»

EMG level) and the .reflex threshold (x 1ntercept)

were lower durlng standlng than durlng walking Both;v
‘effects (1 e decrease in sen51t1Vity and threshold)
were observed 1n the 4 subjects tested.

. ' (

In.the example of F1g 2. 6 the mean value of ‘the

: M-wave was 1. 25 my (S D 0.16) durlng walklng and 1 23

| Qﬁ;;fmv (5. ©=0.09). dur1ng the 1sometr1c; contract1ons.~

Therefore, ;the dlfference in the amplltude of the H-
.reflex between the two cond1t10ns,yas not due to ‘the

,-'st1mulus strength Moreover, the data was taken from |
8 Ry :
a range in which the H- reflex '~ was, relat1vely

xél1ndependent of the stlmulus strength (see Methods)
A potential problem in pompar1ng EMG levels durlng"
"'walklng and . stand1ng is. that the EMG act1v1ty recorded

by the soleus electrodes may ‘include a component »(due.

“to Cross- talk) from the other ankle extensors, medial

and lateral gastrocnemlusm_ For: example, 1f as in‘the
~cat (Walmsley 'et_al.,‘i1978). thelhuman ‘soleus is
-%predom1nantly, 'if‘vnot',exclu51vely, actLve ,duringn"

-standlng ‘and the gastroenem1us becgmes more“active;
dur1ng walking, ‘then the H- reflegﬁb necorded' during

B

walklng “would thus ‘appear smaller than ‘those recorded

,,_ﬁduring' standing ,because the act1V1ty ;lgvel ~of . the

& @
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gelectrodes were placed over the soleus muscle = just
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ﬂ) :
soleus is in fact less than that 1nd1cated by the

recording electrgdes. _‘Hggever,. the )recording.

{ X

ab‘we the insertion“of»;he ‘gastrocnemius‘ into  the

Achi'lles tel don, a site where soleus EMG act1v1ty can

'

be sglec 1v ly recorded (Hugon, “'1973). Secondly, the
F 4 _
largest d;f erence between the ~H-reflexes elicited

I

durlng walking and standing occurs at the lowest

t_ levelsaﬁof activity;‘ where a fast tw1tch mu5cle - like

: effects bf croéggﬁalk if any, are ieast’significant.'

the gastrocnem1us “s 1east-act1ve and therefore the

fi

v : ' §

LA

k)
: . 5
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DISCUSSION 4 '

| The major new findings reported here ‘are the
strong mOdufoion of the H-reflex during‘leebmetibn'ih
nofmal human subjects and the difference in “the
strength ?§E' the modulatliion of this reflex between
walking and standing. ;Cl arly, the modulation of the

reflex 1is_ not simply a.passive consequence of the

excitation level of a-motoneurons, put;,depends on

central'_mechanisms of which the level of a-motoneuron

excitation is only one component. The change in the

slope and x-intercept of the curve in the two states

"sen51t1v1ty of the reflex as well as its threshold can

be changed. Some prev1ous authors have suggested that
only the reflex threshold could be changed by central

commands (Crago et al., 1976 " Houk, 1976; Feldmar and

Orlovsky, 1972). P0551ble neural mechanlsms underlying
these reflex changes and thelr funct1ona1 1mp11cat10ns ,

_for the two types of motor activities stud1ed‘w111‘\be '

dealt with, in‘turn, in the following sect1ons.

Neur%l mechanisms. The neural mechanlsms by wh1ch

the modulation of the H-reflex is .brought about,du:;ng

walking and standing are difficult to determine in
: - J . .

human experiments, but some suggestions can be made

-which are illustrated in the schematic diagram of Fig.

33

2.7. The H—reflex.increases more or less in paraliel

with the level of EMG activity, "ctrve 1 in Fig. 2.7A.

is also important, because it means ‘that the

o
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' e N q«?‘”f‘,
- S R . - N




() | | ‘ ’ 63

If the same mechanisms are used as i the cat, a-y

motoneurons. are depolarzzed by a comblnatlon of added

;u:%A
% excitation . (Exc. in Fig. 2.7B) end.decreased post-
s'naptic inhibition (Inh.), such that‘the resistance

of, the,ce}l body is little afﬂected (!!efchyk et al.

1984) . T‘QWEPSP from. pr1magy muscle spxndle receptors
(Gropp la fibers) is then xéﬁatlvely constant at all
phases of the cycle (Shefchyk et al., ,984, and  the
size of the H-reflex":wili therefore reflect the
percentage of voluntarllx*actlvated a- motoneurons. ‘
 The much larger H- rEflex 1n quiet stand1ng could
arise ' if weak exc1tatory 1nputs _arej;qct1ve and

1nh1b1tory 1nputs are 1nact1ve, or greatl& qdecreased

. compared to the levels durxng walking. Therefore, the

size of the EPSP would be large during qu1et stand1ng

because less shunting would be produced by i

v

inputs. HoweGer, the EPSP would decrease in eiie with

increasing excitation, because of the addltlonal

,conductance produced by more excitatory inputs- (1 e.,

decreased resistance). Therefore, as the numben fof

active =~ motoneurons  increases with 1ncreaslng

excitation, the H-reflex would increase more slowly
during',standing' (chrve 2 in Pig. Z.fA) than dur1ng
walking (cUrve'1iih'Fig. 2.7A). | »

) Morih et aitv (1982) suggested ‘that
dlfferences betweeh the two states m1ght ariee

presynaptlc.‘1nh1b1tlon QEre, in Fig, 2.78).
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mechanism would 'reduce thg;ia'EPSP. by a constant
factor at all levels’ot excitation, without affecting
postsynabtic condoctance, and therefore produce .a
proportional reduction in the H-reflex (compare the
dashed curve 3 in Fig. 2. 7A with the solid curve 2).
Clearly} if walking and standlng are compared at only
one . level of excitation, presynapt;c inhibition can
appear to be an explanation’for the results. Morin et
al. (1982) wused only one level of excitation and so
l'oid not antiéioate the‘change'in slope.’ One could of
couise' postulate that the level of presynaptic
inhibition ‘is also tied to the level of EMG in just
the, r1ght‘;ay to produce the observed change in shape
between’' curves 1 and 2,  _but th‘ post-synaptic
mechanléhs 'suggeSted above are far simpler to
enviéaée.t These suggestions should also be d1rectly
testable by 1ntracellulag‘%ecord1ng from a- motoneurons
pagalyzed d%%erebrate cats durlng f1ct1ve walklng

and,_ tonlc states with - comparable levels of a-

'motoneuron exéitation. Once data is obtained from

these exper1ments a mathematical model of how

:motoneurons ‘are controlled in various types of motor S

: act1v1t1es may be formulated

_ _ ’
poss1ble explanation for the d1fference

between ;the ampl1tude of the H-reflex during walkﬁpg

: &)
and standzng ;s that the size of the EPSP's du%ing

v

- i

s

%
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“Flklng are smaller than dur1ng standing because the
“high frequency d1scharge of the Ia-afferents during
:wa1k1ng results mm a depress1on of . transmltter release
and hence smaller EPSP's (Curtls and Eccles, = 1960),
However, 1if the depre551on lasted throughout the step
cycle, it would be functlon;lly equivalent to

' presynaptic >1nh1b1t1on, which ' can not explain our
résults (see above) If the depress1on only occurred.‘

Y

when the afferents were f1r1ng fastest it would have

an analoguous effect to tﬁﬁt of refractbrxnoés whxch

N
‘oo -

was also ruled out as an explanatxon of 'the results
3 (sée Results). 1In conclusion, while changes in the
!amolltude‘ of the;.EPSP's due: to this 'well known
depressfon phenomenon maylhave occurred, postsynaptic
. factors such as those described above must 'also be
-_considered. |

ﬂ\F‘unctional implications. The large difference in

"the y-intercepts (Fig. 2.6) of the H-reflex vs EMG
curves between walking and standing is of functional
importance. ~During standing, most of the body.weight

is supported by the skeleton,k so the activity of the
leg and other muscles during uiet standing is minimal
'(Basmajian, 1967). The large value of the H-reflex
during quiet stand%ng implies that even a small body
sway will résult in a relatively large stretch reflex
in the soleus which will tend to counteract the sway.

Thus, the "large reflexes when the subjects were



O

66
stphding, are consistent with the control of ankle
angle .and hence body position in this task. However,
a comparably large stretch reflex during the swing
phase of walking, vhere the'E G activity of the soleus
is also minimal, would imnge ankle dorsiflexion and
would therefore be inappropriate. As discussed in the
Introduction the stretch refléx of a muscle will be
much more influéncgd by fusimqtor effects. than will
the H-reflex,‘ and pbsé@bly, Eécause of.the temporal
dispersion of the affgrént volley (Burke, 1983), also
by the state of certain spihal interneurons (e.q., Ib
interneurons, aﬂd Renshaylcells). However, at least in
the mesencephalic walking éat,‘ peripheral fusimotor
effects add to and reinforce the modulation producea
centrally (Murphy et al.,ﬁ 1984; Taylor et al., 1985),
and both the Stretch reflex and the H-reflex are
moduléted in essentially the same way (Akazawa et al.,
1983), | . : |

Foot contact with the ground (HC) occurred during
co-contraction of the ankle flexors ;Ld extensoré, at
a ‘time when - the amplitude of the H-reflex . was
relatively low, Therefore, the reflex was not
adjuéted to help overcome the loading of the foot at
the time of HC. Indeéd, it has been suggested that the .
stretch reflex would occuf tod late to contribute

force to cgunteract the increased loading at the time
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of foot contact (Grillner, 1972; Melvill Jones and
Watt 1971; but see Stuart et al., 1973). The sudaen
impact .and loading of the foot at the time of Hd/ is
compensated by a stiffening of the ankle resulting
from a cd-cont;hction of the ankle“flé&dr%'ﬁ and
extensors which . may be pre;programmed\ (Engberé and
. Lundberg, 1969).

. The ‘H-reflex increased rapidly to a maximum ‘value
during stance and thén abruptly decreased to a low
value after TO. The highest values of the stretch
reflex during walkingvagé-therefore timed to rgsist
the stretch of the ankle extensors while the foot is
flat’ on the ground and the body rotates over this
fixed support and to assist the "push-~off" phase.
(iQe.,A thé' ankle extension which occurs late in the
stance phase). This extends the fipding of Dietz and
his collaborators who showed that the stretch reflex
of the triceps sufae contributes»significant1y to the.
tension ;equired fgf thé/"push-off" phase of running
(Dietz et al., 1979). Thus, the stretch reflex
amplitude appears to be appropfiately adjusted in each
phasé“ of ‘thg step cycle to the requivementg of

- locomotion,

33
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* premamm111ary cats. Jr Neurophy51ol 53. 3417360. c T .
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1. DIF‘FERENCB N THE AMPLITUDE OF . THE HUMAN o sowus _.

. ‘“ ‘-.r
~“[ H~ REFLEX DURING WALKING AND RUNNING.a !

s

!,‘

‘_."ei'n',- 1986)

e In a préylous pybllcatlon (Capadayﬁ

| we‘reported that the H-reflex of k'th”’ human  soleus -

.

_muscle was. strongly modulated in ampl1tude durxng the

step cycle 1n a ‘manner approprlate to the requ1rements_:
of locomotlon. ' The reflex output was largest late in
) 3

’t,the stance phase when it would assist 1n l1ft1ng the,c

',body :pff the ground The same reflex was absents

2
SN
Y

dur1ng the sw1ng phase when 1t would oppose ankle'v :
b’m . G e
95’) Y

dor51flexlon. The 51ze of the H- ‘reflex was also much;ﬁv’

. . . '~. .‘ > O' o !
-larger _at .a uivalegs 'T{eyel of ,e.m.q. dur1ng~

standing than-dyri ‘ i) - Ih‘particular,a_during

‘quiet standing the-BacKground e.m.g. .activity of - the

U RS, AP P NS

soleus_ is ‘nomlnally,zero as 1t 1$ also during ankle
'Y o v, ©

,dors1f1exlon *ﬂin_ thf sw1ng phase 'of locomotlon.

-

m@g“

‘HoweJer dur1ng qu;et standlng the: ampl1tudé of the
'e'reflex is very 1arge which’ would make it useful in

\chouﬂ~eract1ng forward body sway, - but 4

1ng.the7swing'

phase of walk1 g the ex is shut?

\re'

‘voppoge ankle d r1flexlon._ W erefore concluded thatd

durlng walk}ng the modu%?t1on of the ampl1tude of the_'

"~ H- reflex was not ;ﬁpply a pass1ve consequence of <the :
» g - . N YR i

‘A vver51on of this" chapter has been pub11shed
apaday, C. & Stein,.R.B. (1987) T
Journal of Physiology 392 513,522. :

_rf/;‘,.. .o /- | -




a- mOtoneurone . rexcitation level (measured

exper1mentally as the'rectified'sdrface ‘e.m, g ) and

Is thewpatteﬁh and’ extent (m1n1mum to max1mum) of

modulation of the H- reflex 51m11ar in tunnlng and

. \ n
walking, ~and is the relat1on bebween the size of - the

H reflex and the background e.m, g. ‘the same 1n the two,

.lqgomotor tasks? ‘A priori, a d1fference in the'

p"at'tern\- ' of moa'ﬁ‘latlon may be expected'smce for‘

'example the rmpact f%rce on« the ankle at. the t;me of
B Heel c ct @hc)gdur1ng runnlng is larger than dur1ng
: IR

walk1ng ‘and thereibre aﬂﬁhtger reflex response may be

de51rable ‘to further 1ncrq§§ﬁ the’ st4ffness o& ‘the
w L

ankle. If the relat1on %mtween the Hbrefleﬁﬁamplltude

74

Q!

- and ‘the e. m g were d1f erent 1n the uﬁo tagks, 'iﬁw\\éfin

would 'be‘ further ev1dence that,the size of the -H:‘Q

’ rgflex depends on central neural mechanisns other than

| \the excitation Mevel of tHW® g-motoneurones,

&

FurtherQQre,‘ any, such change  in ‘the_’réiationship “

_betﬁeen' these two varlables may prov1de some clues on

f'how the stretch reflex ‘is adapted to the mofbr ~'task,

H.)fﬁhe va11d1ty of‘rn@err1ng_changes 1n,the short latenc¥:_

. stretch reflex from changes in ‘the H reflex is

a\'

_‘dxseussed ‘1n‘“detail_fin Capaday : Ste1n ](1986)

’ Briefly,' 'while 'the”lextent of potentlatfgn

_depresSion of - the H-re lex ‘may not be ‘1dent1cal to -

"?3fthat of the stretch reflex (Van Boxtel '.1986) theftwo.'

A . -

%

-
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" never undergo ““changes in, the opposite direction

(Akazawa, Aldrldge, S.teeve's*& Stein, 1982; A‘ldridge &

. Y

Stein, 1982) gurthermore, \duriné locomotion, \the"

effects of the fusimotor system on the muscle spmdles

iy

tend to reinforce the. effectsgof the modulatxon of the

"H- reflex . (Taylor, Stein- ; Murphy' . 1985; Loeb ‘&

Hoffer, 1985). - .
. . K . pF ]

" The. contribution - of “'-the stretch

3

"‘“ga.t1grade locomotor -

'sprinting, which 15%

was mves‘t1g%d bym Dle'tz : v~ol,gle_ague5‘,

- Shimidtbleicher & Noth 197280

L

durmg spr1nt1ng, ' the stre

o ‘, €y showed 't-hat,; .
S produces a,larg,e
1ncrease" of (e m.qg. ) act1v1 "t’h’é' t‘ticepé surae
‘. Qollrowmg contact of the fbot with the ground

The reflex.’ also T:ontrlbutes sa,gn1f1cant1y to the

muscular - t;ens1on exerted by this grou#urmg' the
Y L o : . ' v .
, 4 “R\“ o i e , Los s

In thls sEudy, we have 1nvesti-gated ‘the modh’lati"on‘.
' & -

- of the H—reflex in various phases of runnlng, in whlch

<

short (150 200 ms) - stance phase.

‘the locomotor pattern is plantlgrade (heel to . toe),
o e R
* . and compared 1t to thab durm“g walk1ng in ‘the same

,V

- ‘sub’jelct. o LT e T e e
e e . ' ? D 3 T .‘ . -
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A

vbwalkjﬁs cycle t1me was 1100 ms’ and tha

. :
vy o .

g - L METHOD'S‘:" : - el de Mmoo

v ¢

The deta1ls of the experlmental procedures and - the

'data“analyais methods were descrlbed in detall in’' a

i

L '-“j

‘ “.v
preV1ous publlcat1on (Capaday & Stein, 1986);;;“Here,,_

4

o we briefly ‘describe these as well~aév.some of the

modxf1cat1ons that  were made in the present -

H-reflexes of the 5oleu9 muscle vere obtalned

experzments.

Cfrom 8. humaﬁ subJects durlngvlevel walklng (4 km/hr)

(‘? f PR T R

L and ”;unningw (8 km/hr) on a’ treadmlll \ .:%e * average

X
-+

for running

. t1b1al1s anterior muscles were recgrded W1th surface

: 51lver' disc. electrodes., A 51m1lar 511ver d1sc| G '
Ly ' ‘

.

\glectrode was ué@% to stlmulate the‘t1b1al nerve i

‘the - popflteaL fossa. " The stlmulus rgturn electrode

was placed eltheF above the patella or above” the
y ,

'poplxteal fossa.

The ‘major problem w?th electr1cal st1mulat1on of

the- tibial .nerve‘ "during- locomotxon using surface

“was 640 ms. ~The - e.m.g.'s of the " soleus ‘gnd-~the

~

-
l’

.

-

‘electrodes = s that the 'distan®é between .the .
- N . 1 rh» & .

~

of .- the large "displacemeqtéf at the kheea“ joint'

v

‘stiwulating. electrode and the'nerve'changes.vbéoause.
Ay, : ' N ST vex

'_Therefore,":theéw.eﬁfective"stimulus strength*°(the*

current dens1ty) 7is not - constant throughout 'the

lpqﬁmotot cycle. Howewer, by repean1ng the emperlmeqpﬁ

‘ at several stlmurus 1ntensxt1es and usmg theqy-waye

X,

-

PR

oy




'Hpr'the results were qualltatlvely sxm1lar.
Q

(whlch ii:j}he electnacal fbsponse of the"muscle to
B .
electrlcaf (st1mulatlon ‘of 1ts nerve) as a Qe\gu? ‘.of

e

the effec‘1ve st;mulus StrEngth H- reflexes oo”urhng ’

-

‘\

vat various phases bf the stép cycle could be compeded

» L
»

at essentzally the same sti‘mul&s 1'pten51ty (de‘ﬁhh?s in

wfnStexn, 1986) The M‘Waves win,

¥,

e also closely

o matched “in compar%ng the. walk1ng and runnlng ddta of
. t’

relatlng f-reflex ampl1tude and stxmuluvvvlmtensity
(Capaday & Stein, 1986). " The aﬁsxtlon of this *flat
regioh of the curve d1d not. seem to change between
walkmg and runn1ng ‘.e., it occurred at about | the

_same range ‘o: :ues of the M-wave as in standing).

In some subjects,, however, the M-waves could only be
"matched at high amplitudes (i.e., in,he portion: of

the Qurve where the H-reflex decreases). - 'In all cases

L It _1mportant to have a good ‘measure of ‘the

v

average e.m.g. act1v1ty 1n each of the two locom
. Ve .
 tasks, se that the reflex responses can be compared a:
3 ~ @
nding levels of act1v1ty The average e. m g

' cor
activ1ty of the soleus and the t1b1a113 anter1or

vm&?&les durlng the locomotor cycle was. measured by’

Q_trlgger;ng the averagxng computér from th! su1tab1y

'_cond1t1ongd outpur ot a sw1tch placed under the heel

_' O 1 3 .'v:‘,, v, AN\
é@,h¢§35§ ,:gﬁ%“ﬁrled to select values of the M-wave

s J‘ zw

AL



8

inside the sub]ect s shoe, ’The switch closed and’

&: hence trxggered the computer at about the time: when -

the” foot was flat on. the ground. Typically, the

Af'. v
‘ e.m.g;dwactivity of ‘each muscle during the - locomotor

. cycless~%hlgh rpass RC filtered at .10 Hz, full- wave

' rect1f1ed ,'f t%w bass RC-filtered at 100 Hz) vas

1averaged ¢ in reﬁp ﬁﬂmd’ ?-100) and the standard error

: \.’ '
~of the mean,wasg '?compured L

ﬁpmuﬁﬁ‘ﬂproce une waé‘!&pé&ted s ral rihessﬁﬂﬁring
6% Edann

- the course °

3per1ment to ensure that the pattern

of act1v1ty r'
' the du52t1pg

qugkﬁ;ble c?bsdktalh .between the ankle excensors

By

.c(medra.l ‘ght?o%nhmaps (MG) , 1a
- and sole&s)Lfas deterhlned by d1

l.gastrocnemiusftG),

t trans-cutaneous

v‘ . L2 S o
!‘mnxlmal ‘ stlmulat:loliP of he LG or the MG while

récor ﬁg 51mgltane0651y the ‘e.Mm.sg. \res the\of ‘the'

’ ‘L"\-O»

‘ o
‘stxmulated ﬁusdie and fts spreéﬁ ~over

“This ,¥as; doge to'xnsure that ;the e.m. g."uactibﬁty

Lo - v

recorded over .the soleus muscle was'in fact produced'

L J Sy
~f§r t:he\~ ‘most part by soleus and not by .some

foot extensors& The extr t of the croj”’talk measured

[in: thls way was less than ‘or equal to’iO% (0. 1 mv of
: act1v1ty plcked up at the soleus electrodes for.qevery
"1 mV of gastrocnem;us actxvzty).' i?’. ‘

‘ Thelmecpod‘ofvobteinihgfrhe'refle; responses;og*§he

o

&%3the;exper1ment. The extent of any

combinat1on of soleus act1v1ty and that of the other‘

ified essentially the same 'throughout:

oleus.

4

i
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soleus muscle in the various phases of the step cycle
is described in detail in the paper by Capaday & Stein
(1986) and by,Rkazaws et al. (1982). In this study,

i . .

howgvg‘b: Eh;ﬁ step ﬁéfierjgas obtained fyom a switch
placgd, undﬁfe the heel inéi‘r gbe .subjéct's‘ shbe ,
instead of  passiné the “tibiai?ﬁ anterior i.m.g.' -
'thréugh a séhmﬁ@; tfigger circuict, The‘ compute:?t~ah ﬁ
received the sté;’markj ‘generated by the heel switch,

aﬁd 2 stimulus mark. On the ‘QCCUrrence‘ of the ' g
stimulus mark the sOieUs e.m.g.‘ (unrectified, and RC
filtered - between 10 Hz’and 300 Hz) was sanipled . for et
'appkéximately;so ms. Theflaggpcy bétween'the step mark
and ~£h¢ stimulué mark was useQQto decide inﬁyhich of - -

16 phases of the step cycle the stimylus Qccurrédn-?”

we gy SR

Havihg determined this, the sampled signal from soleus

was averaged with other signals which‘occurfed in the“

LR \
same phase. ' By this method the average H—reflé;: . .
response (usually, n=10-20).9f‘fhe,soleus in each of v
. i i . ' , '
16 different phases of 'the - logometor cycle. was
. obtained.” e s\ S :
. o ) N a‘ 1N . .o '\
The reason for dividing «he locomotor cycle into 16 ' T

phajes is that this gives a good temporal resolution L _

" of events in the step cycle. The procédure of "phase-

3

. : . . . - .
dependent” averaging was dgne in_ré%l time and allowed

‘the experimenter (té determine7 after Vaveraging a

suitable nuhperfoi responses, the size of the M-wave  °

8



2 ,16ﬂphases of the step cycle.‘

~

0

,,;’,ﬁr

(effective Istimul strength) in each oigthe 16-phases

of the step cycle.,,?he‘experlmenter could then adjust
the _Qutpuk voltaée Sf the stimulator for the next
serieg of averages inworéér to obtain M‘yaves in the
-desired rangé. By repeating fﬂis prbcedure several
times during  the courée’of éh.experimeqtiM~waves of

; approximately the same size could be obtained in all

o

. " ‘ . M1 ‘4- . ‘ ‘ ‘. N
In a féw experfments the WATSMART system (Northern

;Dig1tal Waterioo,‘ Canada) for reconstructlon ‘of the
fa A

three ; wdxmens1onal k1nemat1cs of points in space _was

L3

used to determlne the ankle dlsplacement as'a
(A} B

of time in each of the two locomotor q%sks. Thds, tge.,

changes in: length of the soleus muscle, which acts

only at the ankle Jo1nt ‘were estimated.

., \ - .

80 @
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5 RESULTS .
* The H—refiex of the soleus dur1ng the running )
cycle 1ncreased progressively dur1ng the stance- phase,
reaching its peak value usually at about the time of
the peak e.m.g. activity. The H-reflex rapidly
decreased at the end of the Stance .phase and was

absent during the swiqg?phase (ankle dorsiflexion).

An  exampie - £ rom one 'subject of the H-reflex

‘modulation during the rﬁnning cycle is shown in Figq.

3.1 ' . | (0

#*

In Figqg, 3 2 the peak to peaﬁ (p-p) amplitdde of the
H- reflex in each of the 16 phases of the running cycle
is plotted, as well as the average soleus‘e,m.g., the

average tibialis anterior ' e.m.g., and the p-p

'amplitude of the M-wave in each.phaSe of the cycle,

" This subject had the largest phase 'difference between

"e

and the peak ‘H-reflex.

- about ;he 14 th phase of - the cycle,_ but th = eflex

o c . R
the H-reflex *and the e.m.g. (a lag of 2/16 of a

- cyc e). In many sdbjects llttle or no phase

difference was Qbserb &1e in others a small ghase - /
lead occurred. ig;ﬂtall, no slgn1f1cant phase '

[ . ) '
soleus'e.mli;\ .

difference was observed between the pe

.

. ) . A ,
L93 this ,subject, heel, contact (HC) Q

was relat1ve1y low at thls time as 1t 1as
subjects. The e,m.g level at the time of HC of b,k

the soleus and the tibialis- anterxor increased on the



M-Wave - H-Reflex - o
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Figufé §l1:“'5mp1itpde modulation of the H-reflex '~
| durin the 16 phases.of the runnihg- cycle. Each
:;Jlrecqfd' is the average of about 15 responses of the*
Loy B8] &' muscle to st1mu1at10n 6! the “tibial nerve.* The |
. :.fv L -‘2,' b 9- . Y Y . ~:.-‘;" ) It
. b ',Q G il 5 5 %
‘_cotd £rom- the» to “éhfﬁh“;.responsé ‘that s;‘ -

'ats about one th1rd’of the Yay -through ‘the

i ksﬁaﬁté} phase. ; Note how the reflex increases
*ptogress1ve1y durypg the stance phase\and that it - is
. absent during the swing phase. : .
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"';The 1ncrease of ‘agtivity in these two mus¢¥es at the

“time of HC serves to stiffen the ankle )oxnt and thus
prevent the foot from extend1ng too quxckly towards

the ground after the HC, - Therefore, the adabtation

- - ,
to e h1gher impact forces on the ankle at the time

/
of HC is at the level of the command signals to’ the

muscles rather than at the reflex level.
In Fig. 3.2 the period in the stance during which
the soleus muscle is lengthening is ' indicated. In

runnihg the soleus undergoes a lengthening

#contraction during most of the stance phase. The same

is true during walking (Fig. 3.3), and :hence “the
spindle afferents will be firing at relatively high
rates (Loeb, .Hoffer & Pratt, 1985; Prochazka,

Westerman & Ziccone, 1976). Since the presence of ap

‘H-reflex indicates that there is transmission from the

Ia~afferents to the a-motoneurones during this phase.

of ,locomotion, part of the mustular activity in thxs
‘ -~
phase must be due to the stretch reflex.

The - peak value of the H-reflex dur1ng running . was

on the average s1gn1f1cantly smaller (p<0. 05 for a
oné taf&eﬂ T?test) than dur1ng walklng. This finding

is espec1ally.nqteworthy as the peak e.m.g. levels of
h .

the soleus attained durxng running were on the

average 2.4 times greaterwthan \during walking, An

example of the pattern"of the H-reflex modulation

Y I 83

average 1.8 times duringﬁxnnning compared to walking.
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“

.+
'\ :

dur1ng walkﬁng, as compared toathat dﬂrxng runnxng in -
the -same subject, 1s s&own 1n Flg. 3.3. " The peak
value‘ of the H reflex du§1ng nunnlng in this subjegt

L

3 8 v mv 7nd that dur1ng walk1ng was 7.8 mv, The‘

" peak e.m. g.m level of the soleus was 3.2 times larger

durlng rqpn1ng than-durlng walkxng. ": N

The relatlon bétween\the H reflex p-p amp11tude and

5

the mean 1evel Qs\the e. m_g at~the tlme.the _reflex

all weight subjects the slepe of the 3f1east -squares

fitted 11ne was always steeper for walk1ng data than

Lt 4 v

~ for running.- There was no 51gn1f1cant or systematic
: . \. . . . - E .l \ . g . ‘
differences in the y-rntercepts; ‘ ?Therefore,,ethe

_threshol@l of eﬁm;g;‘ activity at'which the H-reflex

LS

;appears is esSentiallyfthe same during walking and-
‘~running. This is in marked contrast to - 1arge
change in’ the value of the y- 1ntercept wH)ch occurs.

'ebetween' standlng and walkxng (i.e., the H-reflex is

P

very large durlng qu1et stand1ng, Capaday & ‘Stein;
“ ot -

’.‘

AN

N

It ‘may be argued that the decreased s1ze of the H-

*_refle‘\\\?r1ng runnlng is due to a saturatlon of the

et

motoneytoﬁ‘ _ol;_'51nce the soleus e.m. g. was greater

durlng\\rutnzng han durlng wa1k1ng.ﬁ, ‘The more

motoneurones are "ﬁecru1ted xthe'fewer_are left - to.

2\
N

erec u1t, andn th1s\ may expla1n why fthev-H—refiéx

’kwag,elzc1tedils §h9ﬁﬂ‘f°rCtWOwSUbj¢C£3 in Figq. 3;4;11n o

3 x '
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‘e.m.g, aqt1v1ty (n=100 steps) The m rker below the

LY

~
"TAEMG V) .

’
X
x

-

M-Wave (mv)

P

FUNE LIS WO S VS WY (Y A N N N S P Y O |

R =]

H-Reﬂex (mv)

- i 11 2 i : ) S T S |
Y m— : © 700
7 Time (ms) . :

“Soleus EMG (V)

fFigh}e"3.2: Qlot of the peak to peak value (p- p) of .

the soleus H- reflex in each of the 16~ phases ,of the_

4

“runn1ng cycle’ (same data as in Flg 3;1),’ as well as
Y ? !

¥4
the correspéndxng average soleus and t1b1al1s anterlor

!

solus e/m g. represents Ehe ‘period in the running
cycle iéhen this muscle is undergoing;

Ceht?éctlon. The size of the PP va{ue of the M-wave

“7in /each of the 16 phases of the cycle is shown above'

1/ ‘

‘ulﬁne through qhe M-vave values represents the mean

/'valueg1 3 mV, SD=0.26 mv)

Ry
/

/

. /,
4

-/

>

e

a ‘lengthgning.

"Ehe ‘plot of the H- reflex vs phase. - The hor1zonta1_ '
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decreases at high levels of the.e.m;gt. ‘HoweQer,' the
oy . v

H-reflex is feduced in size at'all\levels of e.m.g.

’(Fig' 3.4).‘f Thus, a mechanlsm ,Other than a himple
. saturatlon of the motoneurone “pool 1s the cause of the

reduction of the H- reflex durlng running. -
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WALKING or RUNNING
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i o
(=]
1

B

o

o
T

Soleus EMG (pv)
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Time(ms) o,

> . ] b »‘ ) . ,
Figure 3.3:. Comparison, in the saﬁ% subject, of the

extent (minimum to maximum) of the amplitude

modulation of the soleus H-reflex during the walking

and running cycles, Note that the exgeni of "the

——

‘modulation.. is much less during running than during

G

Qalkiﬁg: despite the fact that the peak value of the

e.m.g. is 3.2 times bigger during running ‘than during

.

walking., The marker below each of the average soleus

. .e.m.g. records indicates the period in the locomotor

cyc&p}éuring which this mé#scle is lengthening.
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Figure 3:4: Relation betVeen‘Ehe p—plvalpe‘bf the H-
reflex and the me;ﬁ level of.soleus e.m;g. activipy at
the time the épflex ﬁas>elipitediduringvwélking"(x)
,énd rphnihg (\). The data from two gifferent subjects
are shown: Subjéc; D.i is ﬁhe one whose- data are
presgnted‘i; Fig. 3.1, .3;2; and 3.3. The mean valué
of the e.m.q. 'at.the appropriate time in the step:’
Acycle was determined from ‘the computed average

locomotor pattern.
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DISCUSSION

The 'firstxbnew f1nd1ng reported in thlS [aaper_ is
that the H-reflex is modulated in 2&p11tude during
running.. : The reflex sens1t1v1ty is relatlvely high -
dhrihg, the stance phase of the runnzng cycle, t ;hen
“the‘f'soleus muscle vie _undergoing 'a ‘lergthening
‘cohzracfioh during most of that phase. Since' the
: splndie afferents are also fzrxng at hlgh rates during
stance' 1n cats (Loeb et al, 1985° Prochazka et al.,
A976) and presumably in man, the stretch teerwioqld?
contrlbutb to - the muscle tension reqaired to .
decelerate "the downward and forward motlons of the
body and to lift the body off the ground.. The reflex
is absent dur1ng the swang phase, <since a h1gh reflex

sens1t1v1ty at. this tlme would actlvate the oleus

vmuscle and thueroppose the actxve dor51f1ex1on of the
ankle. Thus, the pattern of mgdulat1on of this reflex
is appropr1ate to the requirements of running.

“"The second -new f1nd1ng is that during running 'the
' seleUS- H-reflex was on the average iess hhanv that
during walking, despite the fact that the peak e;m.g;
\aetivitf was on the avefage,2.4-£imes greater during
running - than during walking. ~Moreover, r;here was}a
dedfease’in the“slepe*of the leaet?séuares line fitted
. to the'relatien_between the H-reflex amplitude and the

‘mean. level of background e.m.g..
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Neuronal mechanisms b

What mechanism(s) can accountr  for /*ihese

‘observations? ‘Evidence was presented in the Results

sect1on to support the 1dea that the reduc?xon of the
*?eflex size and the reflex slope " (H-reflex vs
e.m.g.) were not due simplyrto ; saturadiph~>of the
motoneuroné'pool. Alternatively, satupation may opcur.
on the\afferent side. During unrestreined locomotion
in cafs,"the Ia-sp{ndle affefents never discharée
anywhefe near their maximum possible rate (500
impulses/s or more) . Typﬂcally; the'peak fiting levels
attained are aboyt 200 1mpulses/s (Loeb et pl., \1985;
Prochazka et al., 1976; Thus, most of these
afferent should discharge an additional impulse in
respopsei to an‘elecpriéal~ stimulus. In ?ddition,
several minutes of tonic stimulation of the Ia-fibfes
(e.g., 20 mins at 200 impulses/s) are required to
appraciably increase their electrical threshold (Jack;
1978). Therefofe, ‘during ’the briefestance.phaée of
running (600-700 ms) _,the elettrical threshold of.
these fibres should not significantly increase. - 4
A;;EEE?\pesg§Ele mechanism was proposed bywpierrpt— ‘
Deseilligny (1985), "based upon experiments--on the
~'depr:essmn of H- reflexes 1; the triceps surae group of
relaxed human subjects by paired _(cond1t1on1ng test)
st1mu%§ to the soLeas~nerve. He proposed fhat during
the stance phase of locomotion\éhe Ib-atferents of the

.
-7
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triceps ' surae 1nh1bxt the stretch reflex output of

this group. Such a reductxon of the stretch reflex

‘output, he argued, would allow for the ankle

dorsiflexion in the stance phase to proceed unopposed

by‘:ae’excess1ve stretch reflex which would otherwise

occur in this group when the trlce-ﬂ_
Iengthening contraction. However;'h
were used in his experiments, and it remains’an-oper
question wh;ther the state of the Ib-pathw;y to the
motoneurones is the same at rest and during

locomotion.

-

' dergoes a

Computer modelling, on the other hand, allows for

the systematic ipvestigation of the factors that
affect the input/output properties of the stretch
refle#. " We have 'receﬁtlyA_gnalyzed by’wcomputer
simulétion the influences of both; pre—synaptic and
post-synaptic mechanisms on'the size of the reflex
output of a motoneurone pool (Capaday & Stein, 1987).
The model contains a' rgbfesentatlon of the
'subthreshold behaviour of the motoneurones
(integration of synaﬁtic inputs) and thef‘statistical
distribution of the motoneurones in the pool according

to their resting conductance. This feature allows for

the orderly recruitment of the motorfeurones in ‘the

order of low resting conductance to high resting’

conductance. The \range and distribution of the

€ kil
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resting conductances fitted Eata obtained from cat
motoneurones (Gustafsson & Pinter, 1985f. Qalues tor

H other motoneurone properties such as vqhe membrénn
capacitance and the time constant of the after-
hypefbola;ization were obtained from the literature o
cat  motoneurones. There were some smal?
guanﬁitative differences dependiﬁg on the assumptions
we made about the distribution of excitation to the
motoneurores but the results were  in all cases
qualitatively similar. |

The main finding from \this analysis was that
regardless of the post-synaptic mechanisms by whic¢h
the motoneurones were depoiarized, the size of the
reflex output remained tied to the level of'excigation
of the pool, This finding was surprising to us and
gontrary to our initial qualitative analysis (Capaday
& Sﬁeh1} 1986), but was also verified by mathematical
analysis (Capaday & Stein, 1987). An increase in the
amount of pre-synaptic inhibition decreased the size

“of the reflex output at all levels of excitation, as

well as the slope and y-intércept of the curve

relating thesg~}wo variables.

In conclusion, more complex explanations are
possible involving fime varying mixtures of
conducténces, perhaps through oligosynaptic pathways

(Burke, Gandevia and Mc Keon, 1984; Pierrot-

Deseilligny, 1985). However, the observed
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digkgrences in the H-ré;lex modulation durin@p running.

\ - ' .
and ‘walking can be most-simply accounted for by a
tonic * increase in the amount  of pre-synabtié
iﬁhibiti@n of the la terminals to the a-moteheurones

during running.

Functional implications .

In ‘the \etance'phase of the locomotor cycle the

e.m.gf acti&ity of ehe soleus during running was on-

the average 534 times higher than during walking.
The higher l;vel of muscle gptivity' and bende
stiffness of the ankle muscles is -required ~ to
decelerate thg faster downward and forward motidﬁs of
the body in a shorter period of time, as well As to
push the body off the ground more rapidly.
Concomitantly, there is a decrease of the slope of the
H-reflex vs e.m.g. relation (Fig. 3.;?. The increase
* of the stretch reflex, or the H-reflex, with the
background activity level has been terTed "automatic
gain compensation"'ﬂMarsden, Mertbn & Morton, 1972;
~Matthews, 1986). That is, the gain of the reflex
increases as a fynction of the excitation level of the
motoneurone pool. It follows from gur data,
therefore, that the gain of the H—refiex is reduced
during runnming compared to walking. Why should the ﬁ-
reflg&‘}gain, which is'“a. measure of the central

componeﬁt.of the stretch reflex gain, be turned down

1
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dur{ng running ?

At thisstage no definite answer can be given, but
some suggestions can Q: made. The strefch reflex
output depends on‘b;th the extent and rate of muscle
stretch (Matthews, 1970; Gottlieb & Agarwal; 1981)
both of which‘are inq;eased during runnind. Moreover,
as we have suggested the stretch reflex contributes
part " of the motor output of the soleus during
locométion. Therefore, a decrease in the centrai
combonent of the reflex gain during running (as judged
from the decrease of the slope of the H-reflex vs
e.m.,g. cur;e) may be an adaptation to ensure tha; the
net motor output does not saturate. In addition,
since the stretch reflex increases the stiffness of a
contracting muscle (Hoffer. & Aqdrgassen, 1981;
Niéhols, 1985), the increaseﬁ muscie stiffness coupled
with a high reflex gain and the reflex delay may lead
to instability (i.e., fremor)~7§te1n & Lee, 1981),

In'conclusion, we 5ug§est'that the stretch reflex
acting as a feedbaék mechanism, contribu;es to the
tension of the extensor musculétureAOf the leg in both
walking and running. HQweveE, there afe advantagés to
reduéing the central gain of the monosynaptic reflex
during running, compared to walking, and a reduction
does bccur as indicated by the H-reflex measurements

we have made.
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3\ IV A METHOD FOR‘SIMULATING THE"- REFLEX OUTPUT OF A"

\\\ : : MOTONEURON POOL.

~Since ‘the‘~fir9t intracellularr.recordings"fromf
spinal motoneurons'(Brook et al., 1952), much‘has been
learned about the synaptlc circuits 1m§1nglng on these
\?flnal common pathways for ‘motor outpdt. Yet such
Nrecordings. have only rarely.heen possible in normal
behav1ng anlmals and only thep in quxet states such as

‘ sleep (Glenn and Dement 1981) To study_-reflex_

“function in ﬁ@ct1ve an1mals and in human ”stedies of

R

both' normal and patholog1cal states,- we fmust stlil’
rely on. reflex testlng, generally of who” -Or:
‘WIth electrlcal or mechanlcal st1mul1

. The resulxs of these studles are ofté : vterpreted -

qual1tat1vely in terms of a "C1rcu1t d1_gram“ derlved |

‘K,, ‘

from 1ntracellular recordlng studles, ‘wathout much7

I

attempt to valldate the predlctlons agalnst some model
- of  the neural network One reason for th1s lack ‘of
. valldatlon is that s;ngle motoneurons have a complex ’
~m1xture of 1ntr1n51c and synaptlc currents that 1§ﬁiar
‘from belng fully understood (Burke and Rudomin, 1977)

I > add1txon, to;model‘the response of a,motor~ pool,

i

A ver51on of this chapter has been publlshed
~Capaday, C. & Stein, R.B. (1987)
Journal of Neuroscience Method5321 91-105.

o
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”Wthe “way in which -these currénts vary over the entire
populat1on of motoneurons must be known, an even more
+ -~ formidable task. .

What we wouid'iike to propose in this paper is a
sxmple model of a motor pogl, but one which catches
enough of the flavor of the b1ologlca1 system that - it

“may be wuseful to a number- of individuals engaged in

ireflex,%tudies in .animals or humans. The model can be

'-progtanmed on a suff1c;ently powerful m1crocomputer_
and even. allows for some results of interest to be
der‘ived analyt1cally. By way of example; we will give\
a few computeér sinula ions and ‘analftical ‘results

' relevant to recent studies on the modulation of the H-
reflex dnring _looomotionvin nofmal “human 'subjects
(Capaday and Stein, 1986, 1987). |

Tbev H-reflex is, tne‘electrical analog of 'the"

tendon jerk, and is routlnely used for reflex test1ng.
‘;/’ The H- reflex often changes with the exc1tat;on level -
of the motor pool, as asseSSed‘experlmentally f;om the
ﬁean_ leQel.of the recfified ‘surface .EMG. We will
. cOncentrate on the mechanxsms that may lead to a
change in the slope and y-intercept of the H- reflex vs
FEMG relatlon. Both these changes occur in 901ng from a
'standlng posture to walklng and runn1ng (Capaday and
Stein, 1986, 1987). | | |
We also. show that a change in the.slope offthe line

relating the. reflex output to ‘the level of EMG
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represents a change ‘in theAgaih (in the formal sense
A

of the output 8ivided by the input) the ’pathway

from the Ia afferents to the a-moftbneurons (central

- gain). Thé change in gain as wellmwf threshold is

counter to the suggestion made by several authors. that

‘only the threshold of this reflex changes (Feldmah and

Orlovsky, 1972; Houk, 1976). o
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Descriptibn of the model
.The H-reflex represents fh; synchrohoUs discharge:
of a-motoneurons to Ia-EPSP's. \Only'the interaction
of the monosynaptic EPSP current with the combination

of excitatory and inhibitory

rrents acting across
the motoneuron membrane is congidered here. Either the

combination of these current

a

will depolarize the
motoneuron  to threshold, . which means that ' the
motoneuron. will contribute to the/;efiex output,  or
the membrane potential will remain”subthreshold and
';he neuron will not contribute»tosfhe’reflex output,
‘For this purpose‘ ’theréfore, a classical,’
sﬁbthreshola model qf~a.motbneur6n is sufficient as
shown in figufek 4.1, It - includes a-. res%ipg
conductance (Gr), .excitatory (Ge) and inhibitory (E&)'
' conductances whiqh répreseq; " in - effec descending

control.

f the motoneurons, the. monosynapﬁict«EPSP.
conductance (Gepsp), ‘the fast potassium current (GKE),
which _ r.polafizes the ‘ﬁétoneuron after a spiké
(Barrett et al.,  1980), ~and. 'finélly the
”éﬁtéfhyp rpolarizathn conductance (Gahp)v” which
regulates the raté‘ of motoneuron fifing (Granit,
1972). | For -simplicity, we will ignére'shbthtesﬁold
membrane nonlinearities and the cable properties of
the /dendritic- tree. TH;Se sihplificétibns' are
justified if we consider that, in the end, it is the

int ggation' of synaptic currents at the axon "hillock
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Figure 4.1: An electr1cal model of the subthreshold

E behav1or of a~ motéﬁbutons. The exc1tatory conductance'

(Ge) depplarxzesnthe‘motoneuron toward threshold thc

inhibitbry conductance ‘ (Gi) hyperpolar1zes the

‘ motoneuron and the restzng conductance (Gr) determlnes

" the rest1ng membrane potentlal, ~ The fast }potassxum'

. ) .0 .
current which flows through the ‘conductance (Gkf)
serves ~ to repolarize the motoneuron after an action

potential = and the . conductance of the after

hypetpolarizaticn (Gahp) limits the firing rate of the
‘motoneuron. Closing the switch produces an EPSP in

.the motoneuron. More details are given in the text.

103



104

that matters.

Incregasing the Ge conductance will depolarize the

motoneuron hto‘ threshold, an increase in the. Gi
conductance will hyperpolarize the motoneuron, and
élosing the ;witch shown in figure 4{} will produce an
 EPSP in the mofoneuron. The conductance Gkf and Gahp
areh'only activated ' if the membrane"poteatial (v)

reaches threshold (voltége dépe@dence) and are time

dependent, with an approximétely  exponential decay

~ (Barrett et al., 1980). The total current (Itot)

flowing across the membrane is given by:

Itot= C dv/dt + Ge(V-Ve) + Gi(V-Vi) + Gepsp(V-Vepsp) +
GKE(V-VKE) + Gahp(V-Vahp) + GrV = 0 (1)

where: . C dv/dt is the capacitative current, Ve, Vi,

Vepsp, -Vkf, and Vahp are the revetrsal potentials of .

the respective currents. Notice that all changes of
membrane potential are referenced with respect to a
resting potential of zero. , Qnce activated the

’-cdnductances Gkf and Gahp decay™ exponentially with

resbective time constants obtained from the literature

'on  cat motoneurons (Barrett et al., 1980; Burke and
 Rudomin, 1977). The size of the EPSP will depend on

~the EPSP curréﬁ; -and?-the‘ values of all the

conductances which are active: : » 7 o

Gepsp(Vepsp-V)

A



*

!

.3.

. N . }
obtained analytically because Gtot and hence r are.

108

The range of values for the EPSP conductance was
5\pbtained from Eccles's classic book (Eccles, 1964).
;Thé range of values of the various conductances .used

'in  the computations as well as those of other

parameters are listed , in table 1, The membrane

'potentzal (Vm) will depend on the sum of all currents

flowing across the membrane and the values of all the

factivé” conductances. If we take the teve;sal

potential . of all the inhibitory currents to be the

same, then: , . , w

1 4
. Geve + V1(Gx+ka+Gahp)

VM = === = fmm o e — g e (3)
Gr+Ge+G1+Gk£+Gah@
’ ‘ *
Because of the membrane capacitance (C) the membrane

potential will not change instantaneously to its

steady-state value but Wwill be a function of time

given by the solution to the differential Eq. 1 which‘

can ‘be revwritten as:
----- = (Vm - V) (4)

where: r=C/Gtot is the membrane time constant

(Gtot=Gr+Ge+Gi+Gkf+Gahp+Gepsp) and Vm is given by Eq.

‘The solution of Eq. 4 is composed of the sum of

several exponential processes, but it cannot be

]
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TABLE 1
PARAMETER
Gkf ., ’
. Gahp
Gepsp

Time constant of Gk
Time constant of Gahp
Threshold (vt) ' q
Membrane capacitance *
Mean value of Gr
Minimum value of Gr

Vi- ,

Ve= \

Table 4.1: Values of various parameters used in the

computations described in the text. The mean value of

’

the resting conductance (Gr) used was 0.69 uS. The
i >

actual statistical distribution of the resting

conductances 1is given by equationv 6, where the

parameter a in that equation is equal to the minimum

o

value of Gr given above.

o SEAL!



changing with time. Jt can, however, be evaluated

-

numerically for* example by a fourth order'Runge-KutXa

type algorithm (Hornbeck,_1955). Once a motoneuron ié\ "
‘active in the model it discharges repetitively as longfy

" as the excitatory drive to it is maintained” (‘slow
processes of adaptation are igﬁored). . An EPSP,iAduced‘
by electrical stimulation of the musélé bnerve can
occur at any point along the "membrahe - Potential
trajectory. 1f the sum of the EPSP and the value of
the membrane potentiél ag\the time the EPSP occurs is
largé enéugh to reach threshold (Vt) the neuron will
discharge an action potential and contribute to the
reflex output., Unless the EPSP is Qgry large the
motoneuron will not fire an action botential at all
times during its membrane potential trajectory.

A novel aspect of the present approach 1is the
development of simple methods for determining the
.fréction of motoneurons in a pool which respond to
each stimulus . To detefmine this fraction two ;oints
alomy the depolarization trajectory are important
(figure 4.2A). First, the time (t1) when the sum of
the membrane potential and the EPSP are just large
enhough to reach threshold. Second, ﬁhe time (t2) when
the Tdepolarization of the membrane reaches the
threshold on its own. Therefoqg,, the ﬁroportion of‘

the time that the Wmotoneuron can be brought to

. 3 : '
threshold by the EPSP, ' or equivalently the firing
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p;obqbiiity is given by:

Pa —----o--- | (5)

A J

‘'If the EPS? is large enough to bring the membrane
potential to threshold at its most hyperpolarized
point (i,e., just after the motoneuron fired) then
t1=0 and VP-1; the motoneuron yill always fige in
response to such an EPSP. Ifrthére is no EPSP,‘ then
t1=t2 and P=0. | For'intermediate values of the EPSP
the probability of firing in response to that EPSP
will be between 0 and 1. Thus, among tﬁe motoneurons
that are active (i.e., firing repetitively) only a
proportion of these (Na), given by the product of P
and  the fraction of actfve motoneprons, will be
discharged. ) -

Not all mdtoneurons are equally excitable; in fact,
Gustafson and Pinter (1985) have reported an
approximately eleven fold difference in the int;insic
excitability (defined as the ratio of rheobase current
to membrane capacitance) - of the triceps surae
motoneurons., This can be accounted for by uan
asymmetric distribution of resting membrane
conductances (Gustafsson and Pinter, 1985) . The |
distribution is skewed such that a large proportion of

the motoneurons have a low resting conductance (high

resistahce) and a relatively small proportion have a_

L3

oy
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- |10 reflex reflex responses

0 | t ts
TIME
B GAMMA-2 DISTRIBUTION FUNCTION
| — ‘ ‘ i
F(Gr) :
- |
L
i ‘
I
|
. . ——
0 a Gg G
Gr
Figure 4.2: | A) Schematic 'illust‘ﬁtion of a =’

motoneuron's membra potential trajectory towards
o

threshold showing w its probability of firing in

o

ﬁreSponse to an EPSP is calculated. .In the interval

etween time zero and t1 the EPSP will not bring the

'embrane potential to threshold, in the interval

between tI and t2 the EPSP will make the motoneuron
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fire. The firing prpbibility is equal to the
proportion of the time t2 during which the EPSP will
.make the motoneuron fire. 'B) An example of . the
Rayleigh distributi?n function with f starting value
of a. Neurons with a resting conductaﬁce Gr < Ga are
active (i.e., fir{ng repetitively). Those with a
‘resting conductance Ga<Gr< Gf are not ;étive‘but will
be reflexly recruited by the Ia-EPSP (i.e, they are in

A}

the subliminal fringe).

J

/



.- high resting conductance (low reSistance)

~ Améther” novel aspect of our approach 1s inclusion
ot.;a sxmple probab111ty den51ty functlon 'consistent'

_w1th the: skewed exper1mental observatlonSf

fz('GrA)vr=“‘2 '(-cr_—a)" -gxpf[;fg(er-a)?/ab-._]; S (e)
| ‘_b' SRR o
g Tnis ifuhction“ is'»ih Rayllegh probablllty _density

“l functlon (Peebles 1982) ; Note that Eq. 6 appdles for~fi

Gr " a, the mtnlmum}rest1ng conductance, 'the value of

b i W?etermlned from ,the_.mean value of the

"diStribution which is. a+2b , This skewed statistical
',distriBUtion_ of ‘the motoneurons accordlng to . their
| resting conductance allows :for,‘ the1r orderiy‘

“‘recru1tment ‘in .rthe' direction ~of .lowvx resting

conductance to hlgh restlng conductance.v‘ )

“The next 1ssue to address 1s the d15tr1but1on of ‘the

t exc1tatory,_,1nh1b1tory and EPSP conductances ‘across‘
| the motoneuron pool 7 Based on rth theoretlcal

B analys1s of Stern ‘and Bertold1 (1981) ‘the EPSP.

7conductance ‘may be related-to the sduare‘rOOt of_‘the
motoneuron s resting membsane-resist%nce. Very little-

is*”~known' aboutx the d15tr1but1on of descending

Liexcitatory ‘and 1nh1b1tory 1nputs to the 'motoneurons.

One of the few f1nd1ngs on thlS 1ssue 15 that the size

4

i'of the corticomotoneuronal EPSP is correlated to that “

ofl the Ia EPSP‘1n the same . motoneuron (Clough et al.,

» '




>

.'\.

'1968). o Inm the absence of exact 1nformat10n on the

relat1ons between E@ﬁﬁe var1ab1es and ‘the motzneuron 8

restlng conductandeﬂ ye made the assumptlon that the

‘Mﬁ‘

'parameters Ge, G1, and Gepsp are 1ndependent of the.
resting conductance- (Gr) &n other words, “in the

absence of detalled 1nformat10n, we chose thef'null"

I'hypothesis thatl‘atl mog?neuronS“in the pool are

excited “or inhibited ‘to ‘the same extent . These

simplifyingTassumptions also allow for the derlvatlon‘

. of some simple aralytical relations to be presented

‘below. . Several examples where the ¢shictances Ge,

Gi, and Gepsp were made functions ¢f Gf were also

simulated. For instance, we simulated the situation

“""were - Ge is 1nversely related tO"‘the . resting

-~

conductance Gr, Gi 1is dlrectly related to Gr, and
Gepsp is related to the square root of 1/Gr (i.e.,

the square root of the resting membrane resistance).
l . . .

These assumptions d1d not qualitatively affect the

14

_results, although small quantitative differences were

feundl Therefore, fogxsimplicity, the presentation.

given below. 1is based on the null hypothesis as

4

discussed above.

The motoneurons . which are active are those whose

LA

'steady-state membrane potential is equal to or greater

than the. threshold (Vt). Usiﬁg EqQ. ' 3, this requires

that the restlng conductances Gr ‘be less than or equal'
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" to S“Qalué Gé'given by:”"' ‘ - - ‘ ” s D

Ga, = [Ge(Ve-Vt)+Gi(Vi-Vt)]/bt‘ - (7)

e .,/

A fraction of the popul&tion'will not be excjited,
if their Vm< Vt- EPSP. This requires that the resting

‘conductance be greater than'a value Gf where:
Gf = [Ge(vé-vt)+Gi(Vi~Vt)+Gepsp(Vep5p—Vt)]/Vt -~ (8)

Thus, the motoneuron pool can be divided into three:

grbups (Figufe 4.2ﬁ): a) a fraction with Gr < Gé will

- have Vm > Vt, and therefore will fire rébetjtively'

N

and be activated by the EPSP on a propértion of}\the

trials given by Eq. 5, where t1 and t2 are obtained

from the solution to Eqgs. 2 and 4; b) . a ffaction~with
Ga < Gr < Gf will éave"vth§SP'§ Vm < Vt. They 'Vw{'-i_11
~notbe firiné tonically but are péft of the subliminal
f:iﬁéé which will be discharged by the EPSP; c) an@
“finally a fraction with G&> Gf-will b§ VSﬁstreshold

 for both tonic firing:énd'activation by the Epiir ‘In

terms of the probability distribution‘fuﬁctién FZ(Gr),.

which is thé~integral of ‘the density function," the

proportion of active mdtoneurons iS’1 —vFZ(Ga),'-and

" the prqpérﬁion in the fringe‘ié given by F2(Ga) -

~F2(Gf).

‘The computations of the equations -described above

were ‘done on a PDP 11/34 computer by a program written -

@

in the DESCTOP system ' simulation language (Korn,

»

»
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1985). The . sigulation package is also available for
1BM compatible PC's. The/program<can be obtained from

the authors on request.
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Results

Some simulafed results using the: model descibed

 aBove'and suitable values obtained’from the literature
_fof cat mbtoneurons are shown in figﬁre 4.3, At rest
(no exﬁerﬁél excitatory or .inhibitory inputs) a smali
reflex réspoﬁse AiS"elicited; As tﬁe 1e§ei of
excitétory iﬁput is increased,‘ the reflex response is
‘ iagreaSed even before any overt activity of the
motoneurgﬁs {Svobserved,ggeminiscent of the Well‘known
'Jendrassik manoeuvre, Also shown in fighre 4.3 are
the effects of adding a "constént postSYnaptic
- inhibition . and incfeasing the amount of presynaptic
‘inhib{tion ‘(detfeasing the‘Gepsp). The postsynaptic
inhibition shifts the curve to the right, without much
- change in it$ form, so that more »éxcitat€@@' is
required to obtain the samé refiex éutput, whereas the
preéynaptic inhibition reduces_ the reflex at all
. levels of the exbiiétory,condu¢tance.

+Notice also. that, aé thé lével of exéitatorylinput
increases, ‘the number Qf ‘reflexly ‘recfuited
motoneﬁrons increases to a'ma#ihum'and tﬁen begiﬁs_ to
decrease. . The :eason for this is shown . in figure 4.4
where the numbgr oﬁ‘reflexly fééruited motoneﬁréns is
plottéd againsﬁ the nﬁmber of active motoneurons. The
number of actiye'motoneurons is used asv the ‘x—aiis

because in many experimental situations the level of

' ) @
excitatory drive is not known and one can only relate

G

Py
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PERCENTAGE REFLEXLY RECRUITED

L 1 . L 1 ’ —l . J
O - o l v ] N -
_ EXCITATORY CONDUCTANCE (uS) 025

'.Flgure 4.3: | ﬁelation 'between the - excitatory
conductance Ge and the’ percentace of retlexly
.rectu1ted motcneqrons.. Tne.EPSP’ccnductance wes 0.04
‘uS for the curves marked with the symbogs'(x) andt(t),
and ,0.02 uS for the curve' marked with (+). The
r1ghtmost curve represents the reflex response when
the 1nh1b1tory conductance Gi was 1ncreased to 0 2 uS
cThe'most exc1table motoneurons begln to dlscharge when
;

Ge is equal to 0. 03 uS in “the absence of post synaptxc‘

nlnhlbxtlon and at 0.09iuS in 1ts presence.



- PERCENTAGE REFLEXLY RECRUITED‘

1 A 1 I

PERCENTAGE OF ACTIVE MOTONEURONS 100

) Figure 4.4: Relation between the percentage of active

moEbneurons.'(thg excitation level of the- motqneuron»
pool) = and the percentage of reflexly recruited

motoneurons. The topmost curve represents the total

. proportion of motoneurons reflexly recruited and is
L ’ . ’ :

the sum of the two curves below it. The curve marked
with the"symbol (xi repfesents‘the',contfibution of
motoneurons in ;heVSUBiimihal fringe, that marked with
(=) repré$engs ‘the coﬁtribﬁéion of the motonéufons
that are both acﬁive and reflexly recruited by the Ia- '

- .
EPSP (Gepsp=0.04 uS).
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the reflex to the mean level of EMGJQQ@QVity,Hthch is.
related to the number of active mgtonéurons. When /
there is" activity in the motqneﬁron'pool the total S
number 6f reflexly recrﬁiféd motoneurons is the sum of
the motoneurons yhich are feflexly recruited and
acti§e (Na), as wéli'Aas thése that are 1in  the
subliminal - fringe (Nf) (i.e;, inactive but reflexly

recruited). .it can be seen in figure 4.;‘th§1 the
number of -motoneurons that afe active and tafléxly
recruited increases over most of the excitation\,afvel
of the pooi, whereas the number in the subiiminal
‘fringe increases over the first fifty percent of the
excitation level and decreases thereafter. ' Since the
‘number of motoneurons in the fringe decreases faster
than the number that are active and reflexly recruited.
increases, the total number<decreases. Two factors
gontribute' to the decréase of the subliminai fringe.
fFirst, ras the excitation le$el~ increases, fewer
motoneurons are ‘available to be recruited and second,
“the EPSP 1is increasingly shunted by thg excitatory

conductance and the large resting cdnductance of the

remaining motoneurons.

When the EPSP is small the reflex output increa
over. a much greater range of the motoneuron
.excitatibnv level than when it ié large (Figure 4.
This " is ‘due to the way the subliminal 'fringema

motoneurons are recruited by the EPSP, As the size of
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the EPSP increases, the contribution of the subliminal
fringe motoneurons reaches a maximum at a Qrelqtively
lower excitation level than when the EPSP is smaller
(Figure 425) and declines rapidly thereafter., Thus, a
large EPSP recruits, initiaily, a very large
proportion of motoneurons,’and as‘the'excitation 1eVel
increases fewer motoneurons are left in’%h; subliminal
fringe. Note that the contribution of the motoneurons
that ére active and reflexly recruited increases. over
essentially the whole range of the excitation level in
each case (Figure 4.5).

In plotting the percentage'of motoneurons excited
by the EPSP all neurons are given eqgual weight,
whereas those with 1arger resting conductances produce
larger amounts of EMG and tension. The simplest
weighting 1is to scale the contribution of a neuron to
the reflex according to its resting conductance. This
is justified if we assume that a mixed muscle has an
apbroximately ~ten-fold range of motoneuron resting
conductances (Gustafssqn and Pinter, 1985; Kernell,
1966) and that the range of motor unit potentials in
such a m;scle is also ten-fold (Milner-Brown and
Stein, 1975).

The effeéts of various combinations of postsyﬁaptié
éxcitation and inhibition and of presynaptic

inhibition on the weighted reflex output are shown in
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ﬂ
60[ % ACTIVE & REFLEXLY RECRUITED
. i
0 ' 100
PERCENTAGE OF ACTIVE MOTONEURONS
Figure 4.5: Dependence of the percentage of

motoneurons reflexly recruited on the size of the
EPSP. .fhe total percentage of éotoneurons reflexly
recruited is plotted in the topmost graph. The
contributian of those i1n the subliminal fringc and

those that are active anc reflexly recruited are shown
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respectively in each of the two lower graphs. The
topmost plot of each pair reﬁresents the respective
response when ghe Gepsp was 0.06 uS and that of the
lower plot when lhe Gepsp was 0.03.us. Note that the
proportioh' of the active and reflexly ;ecruited
motoneurons (+) iycreases over essentially the whole
range of excitﬂtio% level, whereas the proportion in
the subliminal f;fnqg {X) and hence the total
recruited (*) begin to dectéase at a much lower level

IS i L .
of the excitation level.when the EPSP is large.
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figure i.é. In one case the motoneurons were
depolarized by increasing the excitatory conductance
and Setting the inhibitory conductance to zero. In
the second case, the motoneurons were depolarized by
increasing the excitatory conductance and-setting the
inhibitoryvgonductance to a constant value. This was
done to determine whether the effects of postsynaptic
inhibition could be distinguished from those of
presynaptic inhibition, Finally, the situation in
which. motoneurons are depolarized by an increaﬁe of
the excitatory conductance and a reduction of the
inhibi;ory conductance such that the total membrane
conductancg remains approximately constant was also
simulated. This mechanism‘ of motoneuron.
debolarization was reported to occur during fictive
locomotion in the cat (Shefchyk, et al!'198§); gince
the total membrane conductange remains approximately
constant, the EPSP is not shunted by the 1incneasing
excitatory conductance. Regardless of the particular
combination of Ge and Gi used to depolarize the
motoneurons, thé size - of the reflex remains
essentially tied to the excitation level (figure 4.6).
This is because each of the two subgroups (those
active and recruited and those in the.- subliminal
fringe) remain tied to the excitation level. The

basis for this result can be shown analytically, and

~ X

may have been anticipated from figure 4.3. First, the
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Figure 4.6: Size of.the reflex output (in arbitrary
units) as a function of the number of active
.o~
motoneurons in four differéﬁt conditions. The topmost
points represent the response when the motoneurons
vere depdlarized by: 1) an increase of the excitatory
conductance ~ (Gi=0) ( ), 2) by .an increase 1in the
excitatory conductance with a constant amouﬁt of
inhibitory conductance (Gi=0.2 uS) acting on the
ﬂotoneurons (X), and finally‘B) by an increase of the
excitatéry conductance and a removal of an equal
amount of inhibitory conductance ( ). The lowermost
points represent the reflex response when the Gepsp
vas reduced from 0.04 uS to 0.02 uS. The straight
lines were fitted to the points on .the increasihg

portion of the reflex output. \

LR
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proportion of motoneurons that are active and reflexly
recruited is considered.

Clearly, if the inhibitory current is increased, the
excitatory current must also be increased by the same
amount if the membrane pétenti%l is to reach
threshold. At‘ the threshold potenfial the added
inhibitory current will be equal to:

Ali = Gi(Vi-Vt)
: ahd the excitatory current must therefore be ihcreased
by an amount:

Ale = Ge(Ve-Vt)
Because the sum\of the two must be zero, it the:&fore
follows that:

AGe (Vt-vi)

. e (9)
. AGi (Ve-vt)

¢ Since the Vt, Ve, Vi are constants, the amount by
which the Ge must be increased is & constant
proportion of the inc}ease in Gi and is independent of
the motoneurons's resting conductance. The

consequence of Eq. 9 is that the added inhibitory

current is exactly tounferacted by an increase of the

PR

excitatory cuzrent. This has the effect of keeping
the firing probability of a motoneuron the same

- 'regardless of the combination of Ge and Gi acting

-

across its membran{. It can also be verified that by

increasing the inhibitory conductance by an amount AGi

\
/ \\ - \
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, and the exoltatory condUCtance by an amount KAGi ‘in
.Bq; 7 (where K 1s equal to the expre551on ﬁn the“r1ght
“hand side of Eq. 9), the value of Ga and heﬁ@e ‘the
e proportion 'off acti;e motoheorons" does.'ngt‘vohange;V-
Since nelth%i‘fthe probabilities of 'firing of the
‘active' notonehronS"nOr thelr' number IChanées; ithe:',
proport1on of motoneurons that are actlve and reflexly
recruited must remaln the Same. |
The' number of motoneurons 1n the . subllhlnal frlnge
V;'dshlalso‘ t1ed’to exc1tat10n bevel for the followlng:
‘;reason:l3 The motoneu#%nskln the subl1m1nal frlnge are
‘those whose restlng conductance is Ga < Gr < Gf From

Eqs. 7. and 8 1t follows that Gf is g1ven by

GE = Ga + Gepsp(Vepsp Vt)/Vt o (10) o

43

, Thus, the extent of the subllmlnal frlnge depends onlyh‘
on the EPSP conductance and the exc1tat10n level ™ and -
fhﬁs lndepéndent of the partlcular mlxture of exc1tatory 
fand 1nh1b1tory conductances used to reach that level;
‘The .EPSP»conductance.also»determlneS'the -probahility
,ofv.firing“ of a motoneuron and hence the: npmher 'of
"reflele ' recru1ted motoneurons that are ffactiveaﬁ~
iTherefore, presyna?t1c 1nh1b1tlon,"by‘decgpasing_the
size of the Eésb decreases the slze?of the reflex'atff
.all exc1tatlon levels as well as the steepness and™® f-
1ntercept iof the relatlon between reflex output,sand‘g

X

excxtatxon level ‘as shown in flgure 4.6.
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W&Wﬁ‘ . Note that Eq. 10 applies only when the excitation

level is  above " zero (i.e, there. are some ~active
& a r / X ' h o . '
“uﬁ'motongurons in theq@ool) - If the excitation level is’

A .«
N &

BT zerdm ‘then th.. extent of the subllmlnal ffingg"ié'”
| | .g1ven by EQw 8. ThlS equatlon -1ncorporates ‘the
intﬁitive notions: that the size of the reflex ‘output
e of. a qu1escent motoneuron pool 15 dlrectly related . to

how close the motoneurons are to: threshold and on the

51ze of the EPSP, ’ ‘ " S
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Discussion

The.simu}ations have revealed that the size of the

‘ monoSynéptic reflex. gy;aeszz,‘ or shbrt latency

>stfefeh;}efiex) depends only on the exc1tat10n leVell

of the motoneuron pool (i.e., the npmber of active

‘motoneurons) and is _;ndependent,vof the . way the

-

motoneurons are . depolarized by‘ . post synaptic

_mechanisms. ‘This result. was also demonstrated

anelyticaily. . ‘ . ’
The TH-reflex - is relativeTy independent  of

peripheral‘ effects, 'snch as the level of Iu51motor

drive t&aihe muscle .spindles. It thus reflects the

“state of the central COmponent of the stretchfreflexfé

namely the effectiveness of the synaptic transmission

from ‘the la-afferents to. the a-motoneurons. The
- theoretical 1mportance of the H-reflex vs EMG curves
s th?t a change 1n the slope of thls relation is due:

to a change in the gain of the pathway from the 1Ia-

(o=

afferents to the motoneurons (central ‘gain).  Hence,

1t: is 1mportant. to determine the possible neural

mechanisms that can alter the central gain .of/ the

monosynaptic reflex. ‘ : m;

The H-reflex is a- llgbnrly 1ncrea51ng functlon of

'.i‘the background EMG ,for a flxed st1mulus \strength

'gGottl1eb and Agarwal,- 1971, - 1979; Cepaday,and Stein

1986) . Thzs has geen 'termed"’"automatie ga1n

compensat1on which means that the gain of the reflex

/o
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increases with the\excitation‘level of the motoneuron
pool (Marsden et ai;, 1972; Matthews 1986). The term
“automatic gaiﬁ-,compenSationf was, ﬁntrodueed to
‘ explain why for a fixed stimulus strengﬁh the -Ee%fex
increases - with the excitation level. At each level
of motor activity the gain of the monpsynaptic reflex
is different "ﬁence the. size of the reflex changes
with thé excitation level of the motoneuron pool. We
have shown that the basis for this may be a
recruitment of progressiVelyllarger motor units rather
’than' an increésep of the number of moteneurepé
zreeruited : (Figure '4.4) and ﬁhisa conclusion 'igd\;
,consisten;v with the experimental “obsefvations' ‘og'v
Harrison and 'Teyler "{(1981) on cat triceps surae
motoneurons. Suppose that-ﬂ reflexe ;obteineé in
v

two dlfferent tasks in tQﬁ same subje >1f these are .

» plotted agalnst the bacgrouﬂH*EMG a;d fall on lines of
‘different C;lope,‘ it must bemdue to a'change in the
v‘gains between the two tasks. .Therefbre, aachange {p
"the slope of the.H—reflex vs EMG curve is due’ io a
change in - the”Centfal Qein(s) of the monosynaptic
" reflex. | |
It was shown in this paper that presynaptic
inhibitionv can change both the slope and y 1ntercept.
of this felatlon.‘ Presypapt1c 1nh1b1t10n is therefoqe

a possible mechanism for‘chenging the central gain of

%
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thé ﬁonoSynaptic reflex. It was also shown‘thdt post-
sgnaptic factors do not markedly affect the ‘relation‘

ey ﬁgggeen lthese two variables (figure 4'6)',Q§PP curve
pérémeters' are 'éésentially independent ©of - the

: H$pérticular mixture of ‘excitatory and ~ inhibitory

conductances acting on the motoneurons. This gives a

rationale for the existence Bf presyﬁ%ptic inhibition
in a ‘monosynaptic pathway.w In the absence of -an
intéfposed interneuron the reflex inpﬁt-outputr
prope;tiés of a motoneuron poél are tied to its
excitation level and therefore are not’ independently‘
controllable.- | | | ‘

" These observétions may also. be used to explain, for
exémple, our recent findings of changes in‘ the
relaﬁidnship between the H-reflex and the EMG in going

from €he‘»standing postpte to ~walking} and ruhbing
(Capaday_'and Stein, 1986; Capaéay‘and Stein - 1987).
The | vefy “large value of ‘the y—interéépt during
stpndéhg means functionaliy thaﬁ forward body sway

during quiep'stahding will be opposed by a relatively

large ref%ex output. This must be due to a large EPSP;
 resuIting from a removal of, éither, or ' both,
presynaptic  andfpostsynaptic inhibitioh. Moreover,
the véfy»large EPS§ wdu1d.Sa£urate the reflex output
ét' a low ievel of motoneuron pool activity and thus
produce a. relatively flat relation between reflex’
output  and EMG - aétivity‘ which fis observed

g

~
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experimentally.
The zero or mslightly neggtive values .of the y-

intercept observed during walking”and running are due

- to strong hyperpolarization of the motoneurons during

their "off" phase (zero activity), possibly “in

conjunction "with increased presynaptic inhibition at
zero and low level; of'aétivity. As both of these
inhibiﬁofy inﬁldenkésfare rehoved during the active
phase of motoneuronal activity in walking, .a‘

relatively steep relation between reflex  output and

EMG  would result, again as obse:vedf:expérimentally.

Fina%ly,‘the difference bétween walking and_running is
largely a difference in the central .gain of this
reflex - (Capaday and Stein, 1987).  According to the

present analysis, the lower gain during ruhning could

‘only result from an increase in presynaptic inhfbitiqn“

0 . .
These examples illustrate the utility of the present

approach in understanding the mechani;ms “underlying
changes in reflex characteristi¢s~during functional

\

motor ' tasks. The methodﬁshbh;d]be applicable to a

.variety of such studies and can be used to design

invasive animal experiments to verify the predicted

mechanisms.:
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V. RECIPROCAL INHIBITION OF SOLEUS MOTOR OUTPUT IN
HUMANS DURING WALKING AND VOLUNTARY TONIC ACTIVITY

In contrast to the‘ many studies of autoéenic
excitatory reflexes from group la afferents in humans,
the corresponding inhibitory reflexes from these
afferents to antagonist a-motoneurones have been
studied far less. The most widely held view, based on
H-refléx stuéies, is ghat the inhibition mediated by
Ia inhibitory interneurones decreases when the
;hotoneurong pool is active and increases when the
antagonist motoneurone pool is active (e.g., Shindo,
Harayama, Kondo, Yanagisawa &. Tanaka, 1984; Cavallari,
Fournier, Katz,' Pierrot-Deseilligny & Shindo, 1984;
Day, Marsden,’ Obeso & Rothwell, 1984). These
alterations in the efficacy of inhibitory action are
attributéd to a parallel convergence of aescending
inputs “onto Ia inhibitory interneurones and a-
motoneurones, as reviewed by Lundberg (1966; 1970).
- When antagonist motoneurones are activated by ﬁigher
;entres, the inhibitofy transmission via Ia inhibitory
interneurones may also be potentiated (Tanaka, 1974).
When  agonist motoneufones ‘are activated (and

antagonists are inhibited), transmission from the

A-vérsion of this chapter has been submitted
for publication in the Journal of Physiology.
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antagonist Ia ‘inhibitory ihterneurones may be
depressed (Shindo et al.; 1984, Cavallari et al,,
1984; Day et al., 1984).

However, Crone, Hultborn and Jéspersen (1985) and
Iles (1986), 1in recent H-reflex studies of the human
ankle muscﬁlature, failed to confirm an increase in
the potency of Ia inhibition acting upon the extensor
(soleus) during,’ progressively more forceful flexor
(tibialis anterior) contractions. In part, these
discrepancies between the various investigations may
be due to differences in the details of applying the
H-reflex methodology. In particylgr,‘. small test
reflexes are more prone to inhibitisn than larger test
reflexes (Crone et al., 1985; see also Maziéres,
Morin, & Pierrot—Deseilligny, 1984; Meinck, 1980).
Thué, a failure to maintéin the same test reflex
amplitude throughout the range of muscle activity
investigated may lead to erroneous conclusions (Crone
et al., 1985).

A more basic difficulty concerns the propriety of
~the technique itself for quantitative measurements of
inhibitory action. . The H—refléx represents the
synchronous discharge of a-motoneurones in response to
a very large .e.p.s.p. induced by the electrical
stimulation of Ia‘ afferents in the muscle nerve.
Summation of small or moderately sized i.p.s.p.é

resulting from stimulation of Ia afferents in the
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antagonist nerve may be incapable of significantly

" shuntin the very large e.p.s.p.s and so preventing

(
depolarization of the membrane to threshold.

Therefore, inhibitory action on motoneurones may go
undetected . when it is measured by its effect in
reducing a large synchronous discharge.

The present investigation éttempts to advance
current understanding of segméntal reciprocal
inhibition in the extensor musculature of tne human

ankle in two main respects. Firstly, we have

reappraised the relation between the amount of

inhibition and the amount o&tonic_ voluntary motor
activity in the inhibitea husc}p by moaifying a
technique used by Agarwal & Gottlieb (1972). An
inhibitory pulse in the#EOrm of an~i.p.s;p. may not be
capable of shunting a lérge‘e.p.s.p. sufficiently to
prevent the membrane from depolarizing to threshold,
but it  will delay the interépike interval of a
tonically firing a motoneurone. This can be seen as a
depfesssion in the peri-stimulus time histograms
(PSTH) of‘single motor units (Ku&ihg} 1980; Ashby &

LaBelle, 1977). Similarly, ~the inhibition nill also
produce a depression in the nean rectified e.m.g.
activity which represents a weighted average PSTH of

all .discharging motor units. The method, thérefore,

has the merit of assessing inhibition by its effect in
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decreasing naturally occurring, asynchronous motor
T

-

output., -° A
Secondly, we compared the extent of reciprocal
inhibition, measured as describsd above during
voluntary tonic activity, to that dﬁring locomotion in
the éame subject. This was done to determine whether "
there was a task-dependent modulation of the

//,,tzans {ssion~ efficacy of 'Ia inhibitory interneurones.
S

{
ch a task-depende odulation of the autogenic Ia

\

excitatory refle soleus motoneurones has

recently been show aday & Stein, 1986, 1987).
4 A w

Specifically, the characteristics ‘of this reflex
(threshold and gain) vary systematically in going from

standing to walking and running. '
y



© METHODS | |
Theqeaperinents.repottedvin thisfpapetfwete donevon‘
e113normalﬁhnmanwsobjectsfranging=in'age’between‘21 and-
9 47 yeats{ All subjects gave thelr consent after being
o

fully 1nformed of the purpose and procedures' of, the -

experiments.

oy

Experimental procedures S
vReqiprocal inhibition of the"ankle‘extenSor muscle,

,soleus;" e11c1ted by electrlcal stlmulatlon °fomth§

chommon peroneal nerve. was 1nvestlgated at severai*

‘ Ievels of voluntary tonlc contractlon and throtigsut
~ the vstancef phase, of walklng ,For the tonic
agcontract1ons subjects 'stood upr1ght and‘fekerted a

'mazntalned plantar flexlon rorque with their . right

'cfoot‘ upon a. wooden block (3 5 cm h1gh) placed beneath
.the foot | Am analog voltmeter,' callbrated ={o) that ‘a
full scale deflect1on of the needle corresponded
-the‘ subject s maxlmum §oluntary soleus e. m. g.“ (hlgh,
‘pass flltered 10 Hz, rect1f1ed low pass f11tered 20m
o Hz) pfov1ded v1sual feedback of the level of soleus - lﬁi

ot act1v1ty (actlvatlon level) T Durlng each test *thenﬁ >

subjects ,‘were~,‘1nstrUCted to _matnégln»?;a ~ given

,percentageg (upito 80%)'of\theif1maximom’e.m.g.;*§orca _

pefiod of about 20 s. durlng whlch 251»stimulil were_d

applled to the ‘common peroneal nerve 1n a pseudorandom. e
s sequence.-> e IO SR fajggkg T e
S S B R £ el

£
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Similarly, inhibition of ‘the soleus muscle dur1ng

the stance phase of walklng (i. e., the phase of the

~walking  ‘cycle ‘during which '1? s active) was
“investigated by applying gstimuli:°to the common >
| - W o ‘ : .

peroneal nerveuin a pseudorandom sequence - throughout
. the_ locomotor cycle.  The subjects walked on a
'.ltreadmlll at a speed of ¢4 km/h. The average step cycle
- time was 1100‘ms, of: wh1ch the . stance phase comprlsed‘
_‘,about. 600 ns. In all cases the locomotor taskf'was
studied first‘followed'by,the ton1c actlvatlon 'taskr
ThiS"allowed the experlmenter to determ1ﬁe.the 'range
of actlvatlon levels of the soleus ~during  the
flocomotor task.. The rsubjectf was then asked to
'approkimately fééoroduce theseaileuels in. the- tbnlc
ol ,factivation"tas; Furthermg;e, »the same effective‘

sblmulus strength (see below) could be used dur1ng the

?onlc actlvat1on task as during the locomotor task

;m;g.jrecordingsu e S

Blpolar e.m.g. srecordings'wefe-obtained from fine
' gy . FUEEE ‘ . ‘ ‘ : Tt
stalnless steel wires, each inserted with appropriate
. oot q# : 4 . ' . ' . a ‘ : : )
”Hasept;c Vprecaut1ons into the soleus muscle .by ‘a

11

. hypoderm1c needle. ‘ The ;wires weré multistranded;

: tefbon coated and bared at the1r t1p for about .2-3
mmff Such intramuscular electrodes were used to
‘min1m1ze’ the p1ck up of the very large and broad M-

';ﬁagﬁg of the ankle flexors and foot everters produced,

8.
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by stimuiation of the common ‘peroneal nerve. This
method of" feccrdihg elso minimized contamination of
“‘on*goihg‘ SOiece.e;m.g. -actiVity by‘that"from‘ other'
nearby ankle extensoré such as gastrocnemiUS.v.In
eddition, hipolar‘ recordlngs were ' obtained from
-.surfacel Ag-AgCl disc electrodes (diameter 0.7 cm)
placed ovet .the‘éoleus and'tibialis enterior (ahkle

flexdtf muscles. ~ . o , ot

«

Electrical stimulation
‘i Electrical‘vstimuli wete dapplied‘ to the"commonv
peroneal nerve by a surface d1sc electrode of the same"
ctype as that used for ‘surface e. m.g. recordings. The
"gelectrode was placed near the head of thew fibula,
1h;ttached to the: sk1n with adhesive tape,rvand secured
hy' an @1ast1c ‘rubber strap around "thes,leg, The
~stimulus return‘electrdde,. which‘cohsistéd of a large
h;metal plate covered by gauze and wetted by sallne, was
v attached gust. below the knee by+ a ru%ber ‘strap.
StiﬁUlus puléee were,i-ms in dur?tion and delivered in
'Tf'both _tasks# in aéfeqdjprobabie pseUddrahgcm_‘Sequencetf

Vwith ‘é.minihum interstimulus interval of 0.4°'s and a
o L
maximum of 2 LS.

S

: y o ' .
M- Wav Méweregreco%ded over" the tibialis anterior
(t.a. hqjtgd were uséd as a measure 6f effective -
L

,‘st@mulus strength The M-vave threshold was- determ1ned

in  the qu1ethy stand1ng subject and a valué close to
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1.5 times motor threshold (m.t.) was used in both the
locomotor task and the tonic activation task. In many

subjects a stimulus of }his'strenéth produted a M-wave

of approximétély constant amplitude throughout the

stance phase of locomotion. THisAis in marked contrast

" to stimulation of the tibial nerve in the popliteal

fossa duritg ioc'mgﬁaﬁgv(see Capaday & Stein, 1986;
e ‘ ‘? "‘.' ;,‘yn\?&.

: . et - - )
1987) whergA*! ¢§:i>!§gve stimulus strength varies

widely throughout the 1ocomotor'¢yc1e'as the distance

- v

- between the stizulating electrodeé and the tibial nerve,

changes with the large angular displaceménté' at the

knee. S

*

In those  subjécts in which there was more than a

20% variation of the M-wave at a fixed stimulus
strength ‘the  experiment was repeated at several
'stimulus intensities (up to°2'8_m.t,). The récords of

soleus inhibition at various times during the stance

phase could then be ‘compared 'using _.trials  that.

5roduced nearly équal t.a. M-waves.

Data apalysis.

) .
’ a - , .
During the tonic activation task, the effects of

the §£ihu1i appiied to the common pgroneal nerve wvere
determiﬁed. by averaging (Digitail'équipment €o. PDP
11/40j dqmpUte})' ;hé,rhigh—pass (10 Hz) filtered,
re¢tified,A and. v 1ow-p£§s w‘filtéred (100 Hz)
inﬁfamusc?larme:m.gﬁ responses (n = 25) of thevsoleus.

i

-



The total duration of each average ‘was 150 ms

including a pre- stimulps per1od of 50 ms. This pre-

'stxmulus (background) Lerlod was used to calculate the

B

’ average level of e.m.g. ' activity preceding  the

Winhibitory‘ stimulus. To quantify the effects of the

stimulus at each of the tonic activation levels used,

‘the mean level of the depression in the e.m.g. over an

interval determined: by visual inspection of each

measured as the d1fference betwéen the mean background:'

level and the mean level of the“dep;;551on (referred

to as the mean amount of 1nh1b1tion) The inhibition
0 i

was then plotted vs tHe background activity level. A

- 51m11ar method ,oﬁud!asurement was used Dby Matthews

(1986) to study the 1nh1b1tory effects of v1brat1ng

‘the tr1ceps on voluntary motor act1%&ty in the biceps.

. The data was processed on-line for two purposes.

Firstly, to determine the t,a. M-wave in various

-\aJ

iy

into 16 parts, each about 70 ms in» duration.'_The

computer ‘used the latency between the step marker and

\

R
@7‘

_phases of the step qycle, the step cycle was divided

‘the stimulus marker to determine in which. of these; 16

‘,phases~ of  the - step 'cycle‘ the stimulus occurred.

.

Responses which occurred in tHe same phase were

averaged together., Secondly, the same method was used
A
to obtain the'responses of the soleus to stimulation

' o | ;»::.0 BT

%

‘record’ (Fig. 5. 1)'was'computed The inhibition was g
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 BACKGROUND
| % M.V.C.

INH . .

ST | 250V

1oms

-

- Fig. 5.1. Inhibitfoﬁ of tgnic vo}untary e.m.g activity . .
in soleus,bywé stimulus of 1.5 k,mtt. tdxthe éommon
o S ) | . R -
peroneal nerve. The e.m.g. .activity~was rectified,
filtered and 'averaggd'(n.= 25) as described in the
‘Methods. The strength of contractions increases ffom
‘top to bottom. | The contraction - stréngths,‘ as '
_ indicated, varied £rom apppréxfmately 10 to 70%>of the
maximum voluntary cénﬁraction.(m.v,c.). Arespectiwely;b
. T;é shorﬁ dash at the .left of each recofd repreéénts
~ the zéro Dt level of the record above it. The mean
level of acgﬁvify in the backéround‘period prior. to

the stimulus artefact was compared to the mean level

during the period of inhibition indicated by the bar.
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of the common peroneal nerve at various phases of the
step cycle. Fﬁfther details of the method 6 "phase
dependent”  averaging can be found in previoﬁs
publications from this laboratory fAkazawa, \Aldridge,
. Steeves‘& Stein, . 1982; Capaday‘& Stein, 1986; 1987).
The on-line facility'-allowed' the experihenter to

determine 1) if the stimulus Sttength initially chosen

was producing comparablé M-waves throughoﬁt‘the step

cycle, or if adjustments were neqessary in certain

phases and 2) if the stimulus to' the common. perobneal

nerve was producing inhibition of the soleugs during
s L \

the various phases of the step cycle’ (i.e.,”lwhether

the stimulus was sufficiently strong or properly -

located over the nerve).

The data obtained during walking (soleus and

: tibialis>'anterior.e.m.g;s as well as the step markéf
and stim@lus marker; wvere also recordéd on FM magnetic
tape for off-line analysis. The tape-recorded data was
used, when necessary, to'qheck the on-line analysis

and to obtain a measure'of the averagé'e.m.g.-patterns

during unperturbed step cycl#s. The computer selected '

and averaged step cycles in which no stimulus occurred
to provide a representative measure of the patterns
during the unperturbed step q&cles of an experimentél

trial which typically lasted ah




. 146
RESULTS S

Inhibition of tonic'soleus activity

. Stimulation of the common peroneal nerve inhibited

/

soleus e.m.g. activity at’all 1evelsd/94 voluntary

A

activation tested (Fig. 5.1)., The records are from one

subject and are arranged in order of increasing

AN

activation léle from top to bottom. The ‘amount of
S . _

inhibition, measured from the %hean value of the

depression in the rectified and filtered e.m.g.,

) . .
always increased in proportion to the activation level

(Fig. 5.2), gP the 11 subjects studied the linear~:.”

product-moment correlation coefficient (r) between the -
amount of inhibition and the background activation

level was_ at leasf 0.9. The inhibitory phenomenon

" 4 3 l"‘:f i .

always began ;g;pgarly the same'fétency as the H-
.reflex in the ;same muscle, wh‘ich is strong‘ evidence
that. it ‘is of segmental origin. The simplest
interpretation is' that it represents "the ‘claséic
reciprocal inhibition (Eccles, Fatt & Landgren, 1956)
mediated y Ia ?ﬁhibitofy interneurones, although
latgr parts of thé?}nhibition may be mediated by other
%nhibito:y pathways%cdntaining more syhapfic relays.

ij The idhibition' in'Fig. 5.2 decreased the e.m}g;

.activity by about 35% on average.\.‘ The&ék-value of

o~
the inhibition 1is also plotted in Fig. 5.2 (X's)

against the background e.m.g. level. The slope of the

~
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Fig. 5.2. Relation between the amount of inhibition

‘and "~ the background activation level, as measured by

the mean value of the rectified and filtéred' e.m.g.

Both the mean decrease in the e.m.g. (diamonds) during
the inhibitory’ period (see Fig. 1) and the peak

- decrease (X) are plotted against the background e.m.g.

level. The slopes of the lines were 0.35 and 0.73 and
the linear regression coefficients were r= 0.99. Thus,
transiently nearly 3/4 of the on-éoing activity ceased

and was delayed for approximately 20 ms,

- fe)
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least-squa{es fitted line is nearly 0.75. These
. ; \

results clearly show that the large majority (up to

75%) of the discharging motor units can be momentarily

{ .
inhibited (i.e., their firing time is delayed) at all

”

levels ofﬂmoto; activity. Thus, the inhibitory pathwaf (v

to the soleus a-motoneurone pool is not turned off as

[

the act{vity in the pool increases.

Inhibition gﬁ:soleus‘activigy during wa%king .

v

Sti@;latioh of the cdmmon'peroneal nerve produced
inhibition of the‘soleué muscle at all times in tﬁe
stance ph##e of the walking cycle -(Fig. 5.3). The
e.m.g. pattern of the soleus during walking (Fig.
5.4A) consifts of 5 ramp-like increase of activity
following hegﬁkcontact (h.c. in Fig. 5.4E), reaching a
maximum just before tﬁe heel comes off the ground
(h.o.), and then ceasing abruptly just before the toe

leaves the grouhd (t.o.). Therefore, the e.m.g.

activity of the soleus increases throughout most of

the stance phase of walking.

vMoreover,' as can e seen in Eig. 5.4B,’thé amount
of inhibition increases from the beginning to the'end
of stance, eveh thou “;the M-wave is quite constant
(Fig. 5.4C). As in the tonic activation task, a strong
linear correlation is observed between the amount of

inhibition and the.meanivalue of the e.m.g. at the

time in the step‘éycle when the inhibitory stimulus

0 "
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250pV

_ - 10ms

Pig. 5.3. Inhibition of soleus motor output at various
time$ in the stance phase of walking. The top record
Qas obtained from stimuli apblied between 157 and ‘235
ms following heel contact and thé ones below it at
~p;ogressively later times in the stance phase. In
tﬁis subject the M-wave of the ankle flexors and
everters produced an argefact in the soleus record, so
the sampling was delayed to eliminate the artefact.
After correcting for the delay”the inhibition occurred
from 38 - 50 ms following the stimulus, as ihdicated

by the bar.
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Fig. 5.4. ‘As the soleus e.m.g. activity increases
during the step cycle (Ajf so too does the inhibition
(B) f;om stimulating the common peroneal nerve, even
though the M:Qave (C) elicited by the stimulus in the
tiEialis ‘anterior {t.a.) does not change. From the
e.m.g. pattern in (D) the inhibition of soleus clearly
occurs when the t.a. . muscie is essentially 1inactive.
Finally, the changes in angle ankle (E) are shown
together with an indication of when.the heel contagts
the ground (h.c.), when'?t comeé off the ground (h.o.)

and when the toe comes off the ground (t.o.) tc end

the stance phase. -
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occurred (Fig. E;S). One can also directly caﬁbare the _ '@
amount of inhibition during walking (%) - and during .
tonic activity (X) in the same subject. The slopes of
the two . regression lines g@re ot significantly
different, indicating. that the transmission efficacy
of Ia inhibitory fnterneurones mediating the

inhibition was essentially the same in the two tasks.

Two otﬁer points are evident from Fig. 5.4,
Firstl}, the eum.é. pattern of“tibiaﬂis anférigr
(t.a.) consiéts~of two bursté of activity: one burst
occcurs at the time of h.¢c. and se ‘es to stiffen the
ankle, while the other burst occur justkéfte;f:t;p.

"and dorsiflexes the-ankle.'-4n between -the  tuiai:is e
' " . ’ ..‘Iu :

essentially silent, so clearly the active ‘muscig,,fp

‘soleus, can be inhibited by a volley from;I;;f ‘

ankle, 1is stretched durlng most of the st

Equivalently, its ardtagonist t.a. must shobt‘hﬂ A

most of the stance phase. On the assumpt1o,vi f@
spindles in a shorten1ng locomotor muscle ar‘;qgloaded # %1 } -
in man as in the cat (Prochazka, Westerma 5§ ZtcconeAb ;“ “ ‘
1976). the t.a. muscle splndle afferenta . f;rlbutggl‘ﬂg

PR

little inhibition to soleus a- motoneuronqg

of the stance phase, * uhless . a i,

4

At
e
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unexpectediy stre%chés the muscle, Howeve{, late in
the stance phase, the soleus shortens for a period of
about 200 ms (Fig. 5.4E) as it lifts the body off the
ground and, conseqguently stretches the quiescent t.a.
In this part of stance the t.a. may inhibit the soleus
5Totor output via the increased discharge of its
épindle ~afferents tacting through the ‘reciprocal
inhibitory pathway, Bé will be discussed later.

9
Y

‘8



@ -

“in the fSamélsubject'as a'fhhétion'bf;the'"backgrouhd

’lfl.e'm'g level for? the walklng data (f)'df Fig; 5.4 and ’

« Fig. 5.5. Comparison of the mean amount of inhfbition‘

for the tonic actlvatlon task (x) The slopes of ‘the

R 11nes were O 40 + 0 09 (mean + S E. ) for walklng ‘ahd o

10 47 + O 05 for the tonic actlwatlon task, Neither—the

wes nor. the 1ntercepts were 51gn1f1cantly different =

»betheen the "tWO tasks
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- Four questions warrant carefu

nethoddlogical. ‘cdnsideratiens

discussion. 1) What

154

Jlimit  the

interpretation‘ of 'these experim doné on human

subjects?’ 2) What are the funct1o

the 1nh1b1t10n degzr1bed here5 "3) What. are ' the

'neuronal mechanlsms that account fot our. results? 4)

al implications of

Elnally,] whatr accounts 'for the d1fferences in' theh

results- obtalned by the present technlque and ‘those

_obtalned by the H- reflex technlque?

r

d‘@Methodonglcal issues

‘:One_ cr1t1c1sm that may be 1eve11ed “against the

present method of 1nvest1gat1ng rec1proca1 1nh1b1t10n'
jls that the stlmulus strength used (typlcally,‘ 1.5 x =
.‘m.t.) was too large. A strong stlmulus mlght saturate

- Ia inhibitony' interneuroneS' and produce such afh

'kpowerful 1nh1b1tlon of antagonlst motoneurones that no

changes in the transm1551on efflcacy of Ia 1nh1b1tory“

1nterneurones L would _be revealed. However,

"qualltat;veiy similarr:results were obtained in the

~ _tonic activation task when the stimulus to the common

peroneal nerve was~keptzat~1 x m.t., - which is the

pstimulus strength generally used in ,thef rec1procal

R
inhibition studles with cond1tloned H reflexes \e.g.,b

Shlndo et’ al.,‘1984).‘ e N
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Moreover, a strong ntlmulus 1n }he range used mlght

antldrom1cally act1vate Renshaw celﬂs via motor axon

ﬁ”collaterals (Baldlssera, Cavallarl, @ournler, Plerrotel'w

l.

Desellllgny & Shindo, 1987) and be less effective than
a weaker' one, dsince -Renshew cells 'of" agonist

. . . A : ) } 13 . [ 3 .‘ . ‘ . .l
motoneurones are. known to ‘inhibit’ Ia inhibitory
. : 5 . . I Y R ’ew i R ) ‘
interneurones projecting to antagonist motoneurones

b

(Hultborn, Jankowska‘; 5~Linds£r5m, 1971). 'Ifl the

‘u-conduct1on veloc1t1es of- a sign1f1cant number of human '

#

la fibres overlap those of a-motor axons, strong -

| stimuli would tend to depress transmi$sion of Ia .

impulses via Ia inhibitory interneurones and - hence
decrease the inhibition of antadonist motoneurones.
Furthermore, - la “inhibitory -interneurones of

antagonlstlc;muscles mutually 1nh1b1t one another, as

.

,ihas been_;shown, in the cat . h1nd11mb (Baldlssera,

# I

S 4 ’ BT A . S B .
" Hultborn & Illert, 1981), and evidence for th1s

42

,“}nterneurones of the t.a, muscle.

" mechanism in humans has\gbeen 'recenflv.“ publfshed
- . a ! ' .
,f(ﬂaldissera"etsaTA, 1987) Act1ﬁi§1on of. spleus la

‘inhibitory‘ interneurones by elther descend1ng 1nputsﬂ

L)

‘d or Ia _afferent feedback would inhibit Ia 1nh1bftory

r‘“ .. Q .
-4

F;nally, one may argue that the stlmull used would

'5150._ activate cutaneous afferents and -produce

Jnhibition\ by a fle;or”reflex mechan1sm,not bmediated'

by ia inhibitory interneUrones.‘fThe‘presencefoflffhe

b_inhibition aﬁvablow}tnreshold,(jfxvm.t.)nand.at short.
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vlatency' (about equal'to that of the H-reflex in this
~musc1e) are contraryvto this explanat1on. Furthermore, .
we never observed a. flexor reflex in. the t.a. (an

‘ ankle flexor) It 1s, therefore, unllkely that this
'reflex was e11c1ted in our exper1ment.

Five' conclu31ons may be drawn from the abeve
discussion. Firstly, the vsame quant1tat1ve relatlon
beteeen ’the: amount of 1nh1b1t10n and the amopnt of
aetivity _hay~be‘seen at severalh st1mulus,‘strengtﬁs.
Seeendly,t‘ese{tation‘~ofiRenShay ceils;by-collaterals
' ef."mptor‘axens in the eommon peroheal'nerder.;ast not.
SUfficient or approprlatelyvtlmed to idad@ivate ia't
'inhibitory 1nterneurones' projecting ¢to ‘soleus aéa
motoheUrdhes. Th1rdly, if"the 1atter Iat inﬁibitory
1nterneurones were inhibited by extensor Ia 1nh1b1tory
1qternegrpnes,_ thlﬂ/_lnhlb;tlon-'Waé 1ncapable Qf
'.suppressiag inhibition of aetiVe sdlegs motoneurqnes.
r'FQurthly,~if»anvincrease in preESYnaptic’inhibitien,Qf‘;Fg;
15' terminals occurred . when th ,dorsit;eXOrs, ;eqe,
inactive (Crone et ai., 19855,‘it waslinsuffieient‘téfifﬁm‘
';prevent’traasmiSSiop et'the'Ia;afferent §olleyte'rtgef

Ia inhibitoryvinternéurones,~tFinalL§;e aithodbh(sohe’{fmf
cataheous affereht% vwere prmbably stimulated,f.the o
flexor - reflex 'diq"hot, aégﬁaf? to EOataminate; OUFQr.\

results.

: v*);} ' :
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These findings in the intact _human are_‘fully‘

~consistent with recent direct recordings of. i.p.Sep.s

from la inhibitory'" interneurones - to active

- motoneurones during fictive locbmotion.in».the~ cat

(Pratt & JOrd n, 1987).. These workers found that

i.p.s. p.s could Qe evoked 1n ‘knee flexog) motoneurones‘

dur1ng their act1ve phase and that, the 1. p S.p.s

{

fwincreaSed with membrane‘depolarization‘as would . be

”EXpected' on the'baéis of the ihcreasing- electrb¥cal

grad1ent for the chlorlde ions.

¢’

" Mattégg%‘ (1986) recently 1nvestlgated the. effects
‘ofx mé&thanical v1brat10n of the triceps brachii on the
. acm1v1ty of the _biceps brachll. He irund that the

blceps could be 1nh1b1ted by the app11¢atlon of a few

cyclgs o: the v1bratory stlmulus to the trxceps"at

each& of the contractlon strengths 1nvestlgated ’(n6th

exceed1ng 50% of maxlmum) HlS method of measur1ng the

-

amognt of 1nh1b1tlon ‘was 51m11ar to ours and the
R

re&ation between amount of 1nh1b1t1on aqd» backround
act1vat1on level (ﬁeasured in Matthews “study as

;erce) was also 11near. Therefore, inhibitory: pathways

“ f

- of the arm muscles appear to behave similarly to those

i"
'

descend1ng 1nh1b1tory pathways td Ia 1nh1b1tory

v

: interneurones‘ are‘known, so d1rect 1nh1b1t10n of VIa_,

:inhibitety interneurones from higher centres may not

Nt‘ should also"be pointed out that no direct
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be possible. Moreover, as discussed’ above, the

possisié ihhibi%ioh l‘ffdﬁ Redshéw | céils ,and

antagonistic Ia inhibitory interneurones may be
) Pow o . .

insufficient to tjrn them off. This point was

emphasized by . Pfatt and Jordan (1987) since 1Ia_ .

inhibitory interneurones in their experiments could
induce i.p.s.p.s in active a-motoneurones at all times

‘during the fictive locomotor cycle.

Fuhctional'Significance

Two functional . roles for inhibition of an active

b
motoneurone pool may be suggested. First, an open

inhibitory pathway to an active motoneurone  pool”

allows for ’the quick cessation of activity whénevef

-this  may be required. For exémplell if the body is

thrown backwards while walking.ové: luneven ground,

thereby stretching the ankle flexors, a.qﬁick halt of

ankle extensor activity woﬁidbbe needed to prevent. a
fall, The &isybaptiq 'Ié inhibitéry pathway is‘ the
shéktéSti iatencg 'inhibitdgy 'reflex.'khgwn that is
~capable  of praﬁiding' thiéh coordinative-vfuhcﬁion.

Furthermore, because la inhibitory - interneurones

" recéive convergent inputs from many supraspinal and

peripheral fibre systems (Jankowska, 1984) they can

mediate a-motoneurone _inhibition -from a variety of

sources. .
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This Same pathway may also be an integral part of
-the;wneﬁtpnnl>system'ef~walking, tcontributihg tokrthe,f*

rapid' atlon of activity 1n ‘the ankle extensors . at

- the end of the stance phase (Flg. 5.4). As the ankle

' flexors- are stretched from h.o.. untii the endlbf'the
stance phase‘(Fig._ 5. 4E) the1r Ia sp1ndle afferents
- would 1nh1b1t the act1v1ty in ankle extensors via Ia_
linﬁibitory ~1nterpeurone$. In conjunction’ with a
"‘decreaEe ‘of the central exCitatbry dtive to
motoneurones of the ankle extensors, this reflex weUlg
‘contrlbgte to the tapld cessation of \their activity
(ng. 5.4A).,Ajperlpherallreflex ;nppt’that depends on
the exact .kinematic« evehte at the ankle weuld be
uuseful.Aifot ekahple, if raising the bdéy off the
grounéilis éomewhat delayedj‘ the inhibitien from the .
ankle-tlexors'woula also be delayed, thu5‘allowing~for'
a small"prolongation:offpxteﬁsor aetivity. | A
Wwe have pteviously hypothesizéq '-baspd on the
modulation of the H- reflex and measuréhents of muscle
length (Capaday & Stein, 1986:!1987), that part of the
~motor oUtput of soleus durlng leCOmbtionu (walk1ng,
runnlng) 1s due to the autogen1c Ia afferent feedback
" We pdbpose here that ’Ia afferents from the1r 

LR :
antagonlsts, the an L flexors, may also contrlbute to

“tye rap1d And t1me“z cessatlon of th1s act1v1ty via -
'the Ia 1nhfb1tory pa;hway.; e ‘
. ,,"l . n’ r

P
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_Neural Mechanisms- o

'x, Our f1nd1ng that the amount of 1nh1b1tion medlated
by %xg inhibitory 1nterneurones 1s proportxonal to the
~amount of motor act1v1ty‘stands,1n contr‘pt to the
r&&%@ts by several!gther érbupswikavallari et al;,
1984; Shindo et alﬂng;3984' Day7et al., 1984). These
groups all report;dja decrease ‘of inhibition with
increasing motor actlvxty, as determlned from the
ratio of condltloned to test H- reflex amplitude. In
these studies, ﬁww,ever,‘ the s1ze of the test reflex
was- allowed to vary w1£h the amount Qf motor act1v1ty
Recently, the ‘test reflex ampl1tude was kept constant:
at all levels of motor act1v1ty 1nwestlgated (Iles,
1986) and the decrease 1n 1nh1b1t10n was smaller and

did not reach stat15t1cal levels of 51gn1f1cance in

one study YCrone et al. 1987)

Other methodological issues appllcable to these H-
reilex studies can be ralsed. Claas1cally,. the
conditioning/test methOd was developed and , used to
test the 1nteract1on between two var1ables (exc1tat1on

and inhibition) on a qu1escent motoneurone pool

.(Dlofd, 1941; Renshaw, 1941) in which the membrane

potential of motoneurones was assumed enstant.

Extending the approach :to an active pool 1ntroduces a

. . :
“may change-_the 1nteract10n between the
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vvafiables in complexwdays, Finaliy, as pointed out in
the Introduction, the response to  the synchronous
volley that produces an H-reflex may not be the same

as the response to more natural activation of the ' )

4.

.motoneurones by voluntary means.
 Our fesults,“v'usiné ‘natural = activation of
motoneurones, demonstrate " that transmission ffoh Ia
inhibitqu' interneurones to afAmotgneUrones is not
" completely inhibited, if it is inhibited at all, when -
the pédl'is active, Thus} these interneurones remain |
v ablé‘.to inhibit tonically firing motonéurones in the
p66§§ As ~ activity in the pool increases, there are
 Vb@9re activevmofoneu;ones to inhibit and the amount’ of
v;inhibitiﬁﬁ\~incfease§ approxiﬁgtely in propqrtioﬁ to

" the amount of motor activity.

Bota
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'“h ad@messed.q \W1r5tv the ma1n results of the s1mulat1onfv

' 4?Se¢ond, 'a 'ratzonale for u51ng the surface EMG 1as_:az

.‘f motoneuron POQl ‘”led _ﬁégﬁ;th hypotheSIS thatj’

o modelllng studles' 1n chaptei"“

i'Aand the major result presented;‘

lé; R

.th.hGENERAL‘QISCUSSION'; u

)
o

?»experlments done to test the hybotheszs based on vthe

ollowmgg th1s, several 1ssues that have not been_ -

fully dlscussed  ,inh¢th prev1ous | chapters are

10
R

'studiesv ;areﬂ d1scﬂbsed more qualltatlvea ~:fdf

»

certaln assumptlons made in. the model are also glven.

LN )
)

. o Rk .
measure. of the level of act1v1ty in the‘ a- motoneuron

""f ahd}thusrhetkhotor«Outpu 'T: prov1ded Thlrd, a

d1scu551on w?f the- 1ndepe_l-f oi;;the; onosynapt1C{_'

ix amplltude from the level of»motor act1v1ty

presented w1th a h1stor1cal and cr1t1cal perspect1ve._
Flnally,y neural mechan1sms,~.other than presynaptlc?

1nh1b1t10n, . that may contflbdf// to'fthe” observed‘;ﬁf’

modulatxon of the monosynaptlc riglex are evaluated

/v o o ) e, R . .‘,. .

amplltude DR

.In' chapter 4 the 51mulat10n study of ‘the

I

that can~ affect the monosynaptlc reflex output of ,é‘

- q ' .‘ - .’

Ih the frrst sectlon of. the dlscuss1on pre11m1nary'

‘are br1ef1y descrlbed )

f.ctors~

'1ntu1t1ve’ terms. : Some addn&ional Just1f1cat10ns 76f’¢.~

T 1‘.‘,R' Lo R o ;‘“{ v ,-7- i
[UThed effects “of postsynaptid:yinhibitién'“bn_ rétlex,ﬂ@

I R R R R S
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postsynaptic ,inhihitfonVVCOuld not provxde‘lfl for "the”ﬂ“

1ndependent contrpl of monosynaptlc reflex odtput fromp

A

-the 1eve1 of motor output., Presynapt1c 1nh1b1tlon,'on-

the other hand could»change the size'of the‘ reflek

l‘output 1ndependently of the level ‘of motor act1v1ty. Lo ;

h‘output p were produced 7byi strmulatAO :’ﬂof‘igfhsh

j‘contralateral common peroneal nerve at a strength 2 5

'*strmulatlon of’ the QPt L7 S1 dorsal roots at tulce the

_* ‘}same level of motor act1v1ty,' measuéd from the Soleus"*‘.#
“;1some¢r1c tens1on ~record were averaged together.»ﬁ

. . . v
Thus,- a plot of refle:giltude- versus the level of
)

_lmotoé act1v1ty (tensxon

\”7_cond1tlons.. Each p01nt 1n suqh a plot waSathe avergge -

'hypothesis.' Var1atxons in the 1evel bf Sgﬂeus ;ﬁpt,r‘;'

ﬁyps;lateral lleg a?d exten51on of th contralateral

Experlments were done in decerebrate cats to test

the  first and more controvers1al ‘part lof‘f the = = hfﬁ

€.,

tumes motor threshold and at a- stxmulatlon frequency

_between 50-100 Hz.}: ThlS produces the c&ass1c_ fle&orv~' ':hw

'and crossedfextensor reflexes,. wuth flexlon oﬁ thef

¢

'oﬁe;'?- Monosynapt1c} »reflexes were ‘"bbta1ned 'hy t
. ty : N

= h

,Ax‘ b\ f“‘ M

ro%a
A

B SO0
_yp;.a monosynapﬁﬁc response. ‘Ehe, Lo

»reffex ;esponses were recorded elettromyographxcally’

-~

| ;from the Soleus muscle.d- Reflexes occurr1ng at ”the

N

& e "'
s obtamed (under ' cont‘r‘él-: o
T, s

a;

“of some“s 10 1nd1v1dual responses ?‘vf:f 5-_ : “".~"?5?f

. .. . ! !
T

In order to 1ntroduce a. ton1c leyel of postsynabt1®

”*wf;{phlbltion uncontam1nated by any p0551bl!«pre§ynaptmcmu.'

8

el LA “.'f.v ; . .“'”
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‘inhibition, the nerVes* to the lateralﬁfand' medial

,Gastrocnemlus. muscles (ﬁG,iy MG) were Stimu1ated .o

'repet1t1vely at phy51ologlcal rates between 20 40 HZ.
H%? The strength of the st1mulus to the LG MG nerves was
2 ”adjuste%b§o produce at least a.50- 60% reductlon of the
monosynaétlc reflex by u51ng the, condltlonlng/test
paradlgm.: ,This method of stlmulatlon exc1tes ~the )

Renshaw.cells'of the LG and MG moton'urons, ‘which also

"'fprOJect ‘tojlthe" Soleus motoneuronﬁ;t_. The »”Soleusv-

s - motoneurons thus receive a. tonlc lev l of postsynaptlc

! _1nh1b1tion ?nd, they»alone are teste in response to -

: 3
.the dorsal root stlmulus. v S1nce the dorsal roots are
'“‘cut, actlvatmoh of the afferent flbres in the LG MG"
'nerye ‘cannot 1nfluence the Soleus motoneurons. Qhe

'jvjwexper;ment, act1vat1on of the crossed %ftensor reflex,f

is then repeated th presence f repetltlve

‘ &QB stlmulatzon of the LG MG’ nerve,‘ and th s w1th a ton1c

the Soleus

level . of . postsynaptxc 1nh1b1t1on in'
. )

oA

motone'urons.i =

v
\

J = The basic  result can be summarized j one . figure

"’\(F1gqf"“6\1) = T e peaképeak amplitude of the Soleus

reflexes ;arep p‘otted agalnst the isometric‘*muscle.

e

}3 =
stra:ght line hav1ng a slope of G 31 mV/N (SE= 0ﬂ043
X

4 ;fb,p} B S RIS T ,f‘”.g,* \ -
e e o \,_ o

AR

| tens1on.;7 It ‘can be seen that. the refle’u‘aﬁplitudev
'5;.1ncreases ‘thh the level’of "r: act1v1ty (pointspv _
| "lazelled w1th t 51gn) ; ThJ plot "is well fitted by a

»

-
-
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. . -
e p01nts obtaxned 1n control
”'cond1t1ons ‘are dqglgnated by the'7(4)v symbol jb‘
;obta1ned duri i§9 repet1t1ve st1mu1atxon of the LG‘MG s
. s ] 7
nerves at 37 Hz are plotted using -the (*) symbol .
slq;!*oi the l1ne f1tted to the. control poxnts is 0 31

p01nts »gs 0. 26 mV/N (SE= ‘0,05, mV/N),ATg;”“




M s X * y : ’ . ' : .
. . - ! E 171

" i o v

|

mv/N) ‘and apé\or'fe;laztibn coefficient (r) of 0.89.,  The

reflexes obtained 'during stimulation of. the LG-MG

nerve are plotted on';he‘same graph (pointslllahelléd
with.'* 'sign) ~and it,can ?e'seen t?at‘they/‘fall‘lon
» eSsentiallk‘ the same iingiasltbe éoﬁtrdl' resp§nses;
' The slope‘of the line is 0.26 mV/N (SE} 0.06 mV/N)‘and
is clearly not-different froh}@he control Valdew.‘ It
shpuld 5i%§f§§ qoted that the highest value of 'mﬁéple

' _tension 'a:-t,tfa'inegi 'during s’timu'l-é'tﬂidh .;.gth’e"' LG-MG. nerve
e ' ‘ . ' S o ‘.‘u.”. L

v ‘e R ¢ : . v
" alﬁFysu¢lo§s'¢than that attained in’ the control

e .
atioh’ -¥see
‘ C T gt

A

‘.f2§3re 6.1) indicating that indeed
AP ‘

" theré " was a tonic "p&s*iSYnaptic inhibition acting on ®
' e o o

R o ‘ i o3 - b R
the Soleus motoneurons. ™ . e - S~

1

. It'shbuld be récg};éd;t'gg‘afséuSé.q_in chapter 4,

incgeaSe‘ of presynaptic ihhibitibn- or posisyd%ptic
inhibition  can -dﬁcreasé the .amplitude of °

O

the

.

monosynaptic reflex., However, ' when the motoneurons

. e . L ' ic inhibkiti
are active, 1t appears that postsynaptic inhibition
PN Ps K ) N . 0 . : :

J;iny disftibgf

ed actoss the motoneuron pool is not a
: o » . : R : PR ) & . ‘ .
“ mébhanism/*3that allows for the control, of the
monosynaptic reflex. amplitude 1ndepquentlyf’sf the
leVél-oﬁ mOtot;activityw ”The,maihfprédiction ftpm;the
mbdellihg ‘studies . thus. appears;tb be ‘fupporfed by
féxpgriment,

@1’ .b . " v

.’v Al . . . s P . r &~ .
“ ; . C ’ ; B Lo

ey

o . ity " { Tl
. . . i - N /," O A o ~, \ .
S tbat wxhen;i’the motoneuron-pool is qulesgghit, , el%-);- an ﬂ. v

»

-

&
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Further d1scussion on the mode111ng results R | |

Onewof the szmpllfylng assumpt1ons t at was made in - ‘&u

&

- the- model&presented in chapter 4 was %o leave out.the._;

cable: propertles of motoneurons. Introducing' this
factor would greatli inorease the . computatlonal 3
' complex1ty of the mo?bl .and -make it less access1ble tov 7

neurophys1ologlsts.v P Redman '.has

decrement _ -in.. the“{ amplltude Oﬁﬁ

po?entaals (p%s) pwoduced by the cabl‘ ‘ " -.’ma'y‘

“be. *com Satedbfor by, ey yanism 1atrt,'kl’
motoneurons (Redman, ;“-f f{'»e proposes that the post

synapt1c’ currents g:z T'.‘-31: the dendr1tes may be.
[y

greater than those 1 1u;4, pma. . One amechan1sm ‘to
) .

’ a;ca'unt for thlS, is a- gredter dens1ty of postsynaptw

M

receptors 1n‘ h dendnltes, - coupled w1th 4the o
i;heration of ‘suff1c1ent‘ trans " er substance ;to ’
'activate ' thevv'receptors "(aéaq§57' | 1986) ‘fTéé‘. .
postsynapt1c poténtials of dendritic or1g1n ‘recofded. :

]

in' the soma would thus be of 51m11ar amplltude to“
- \ . ¢

those of somatlc or1g1n., The former would however,

B % . - » ' ‘ s 4
\ have ’a. slower trme course.. Th1s proV1qes ’further
uf3%f'SﬁppOrt: for concentratlng on Lthe integtation"-of | -
SYnaptic' currents at the axon hlllock as vas done 'in‘ )
the present modeffr: St -s: d1ff1cu1t o pnediot“‘vi; e
:;:“ qua11tat1vé!' what ‘gffects the shuntlng produced h;‘

‘,_f 1ntroduc1ng_;on1c postsynapt1c 1nh1b1t1on w111 have ‘on Cr

h ;; synapt1c potent;a;s of dendt1t1c 'or1g1n, e'-It ‘is

. N - b o
. . . ’ . v . . * ’ . '3" L]
. - - . P .
. : o , . e e
. . KRR ' .
. - : L
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B p0551ble that it will gshunt them to a greater ex§ent

'than gqps of somatlc origin. . This effect WIll reduce
it

‘the probabillty of a motoneuron to f1re {n response toifﬁ'

!
an epsp.

paffected by “the added J”Jnductances and this may

B counteract the etfect§ of a smaller epsp. The point
*@léwia' that

’ '
.,gpurpos:s since the ma1n pred1ctlo

jhfupported by the exper1ments.

When the motoneuron pool is act1ve, .@hel;amplitude;

,'Sf the monosynaptlc reflex ou&put 1s not altergd by

o
‘tonlc postsynapt1c 1nh1b1t10n.

It was shown t this
B . ” -‘. N ‘
‘ 15» because ‘€éach of ‘the subgroubs contrlbqglng ~ the

, .
reflex ? output is 11tt1e affgcted by the added

. @ . . ~
1nh1b1tlon.w ‘The mathematlcal arguments explaining-

- these - observations were glven in chapterv 4. I!rre
v ﬁ‘ ’

these observat1ons are expla1ned in qual1tat1ve te?hs.h
The 'motoneurons that belong to the sub11m1nal frlnge‘

“are in fact sl1ghtly more deﬁ%lar1zed when addltlonalv

;- ekcjtatory conductance 1s 1ntroduced to"offset ~th

ﬁadded‘iinh1b1tory conductance.v The. sl ghtly . greager

‘;depolar1zat1on neSults from the fact that the value of -

N\

”rthe added exc1tatory conductance is calculated to Just.

bffset the hxnh1b1tory, conductance for thé@ act1ve
. motoneurons (see,‘equat{on:9)}

3 : j

However, as w1ll be d1scussed below thﬁh

e ‘time lcourseo of the membrsne depolarization ' is als‘o A

.'he' ,model: §§~ suffxc1ent , for ‘the present
'd‘rfved from it is |

o _Q
The motoneurons 1n,Fh9"

. . . . s
: - . N - . o P .
. A N R
- . v - SR
. ,

. B
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= m;nal fr&nge, in fact,- pequ1re less added .
exc;tatory conductance to just off:g& bh@‘winhlbltcfy

conductaﬁce than the actlve motoneurong o Thas follows

from the fact that they are hyperpolarlzed ﬂh relat1on ) /-m

to the threshold aﬁd tRFrefore the eled hﬁcal grad1ent L

"if‘r the exc1tatory currentf“’

greater‘ in these

""'motoneuron§ ° Because “the membrane potent1al -~ is

v Rl

‘iﬁﬁﬁsli ‘$d§polar1zed the epsp, although ityeig shunted

by the ‘added conductanc&s, depolarlzes ' .oxwmifely - ,
: Wy W ¥ e gy .A ’ M .
-the same number of motoRreurons - ao Ehfeshold." qv _ Eadid * o
;‘». . . » L -

Poshsynapt1c 1nh1b1tiiho has llttle efTect on the - i o

probability of f1r1ng{of the actlve motoneurons for "

the fdl}pyif ? reasons. _The epsp, alﬁhough. it .is

'_‘shuntef

‘the added conductances,, depolarizes the
motoneurons to threshold at about the same time (t1 in
equat1on 5)° as: when postsynaptxc 1nh1b1t10n is absent, -

@ The added conductances, excitatory vand ~1nh1bn¢ory,
. N “ ’ . : - ' .

. | : . _ , e .

v 'decrease ‘the Atlme 'constant of ‘the membrane  (see, o

Jlf’equatich_ 4), ;;his results in an"in:Eial,"fast» R
'ldepolarization tpwards threshold Th fore, _the o

shunted epsp sums with a el1ght1y more depolarlzed R

~ . o : o
membrane potentlal at time t1., Thes time that the

o motoneurons take‘_to reach threshold due to 'the S s
& R
depolarlzlng dr1ve alone (tZ in equatlon 5) is ‘mot.-~ . .

,.affected bY the added conductance?‘ probably because

" 1'ik is " dominated by the AHP conductance.. In other
, teed . o - v a
;. : -s . R . ‘. ) g P
° words, the. firing gate.of motoneurons 1is primarily
' . . , _“ ) ) ‘ . » . o - B ‘

> L .
. . o : .
- ' - .
- * i

LI N



 determined by the AHP conductance.

4

p;‘de\rivé‘d from the model concerning the cﬂffe"’rences in

. the - ih the various tasksyinuesbigated.  The
'H-refl Larger at the same level of SMG during
the ’taﬁk than . dur1ng ‘walklng.‘x,ln some
sub3ec§h l jkﬁas hlghe; a; all levels of EMG up to the3

A:j_l.

”;ntaln. In

L;llat, ».% subject could produce (see, flgure 2.6).
J'!‘l‘iie ,a'eﬂral tonclusmn from the modelling StUdleS is

¢~th8t thfre h&, on avera’
R £ ‘"L. i
o tap Pa'te§m1nals “dulN

less presynapttc 1nh1b§§ion

the standing task than

a&durmg "the ,' walklng task. Thisgyould~give .rise to
" larger ,reflexes A in the standing task, ~as observed
© dmve ~- i - .

-

experlmentally.7 lt 1s pasSible, " x"r, that the

eVeluof présynaptlc inhibition changes as a fUnétiﬁﬁ
:of 'the level of motor output.~ _Foru example tife
velatrvely flat slope seen in flgure 2 6‘may be due to
‘an 1ncrease ‘in- presynapt1c 1nh1b1t10n as" the level of
}motor output i;

:reases. Th?“llerage value ot the

. presynapt1c 1nh1b1t10n would be; nevertheless, smaller
in the standing’ task than. in the walklng; task. The
observatlons of Shefchyk 1';e1n, and Jordan (1984)

‘suggest that dur1ng fictive locomot1on in i?e cat, the

. -
l .

H- reflex was about the "same size in t Hill

" The last point  to discuss are the corclusions

only at the very h1ghest levels bf EMG T
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v

level of presynaptic inhlbition does not chenge during
the loeomotof eyfle. This may be true in the human,
but atﬁ only 5% reselved by g¢xperiments ‘of the type
Qggested in thelcoqc1u51on sect1oh The H-ref}ex'was
,,greater k1n thé walkiMg t%ﬁﬁ than in the ruﬁﬁﬂng task
. at the same level of EMG. The most lzkely explanatlon
for thleﬂls that the level ol presynaptic 1nhipltlon ot ﬁaf
is, on average, less_ during walking than duriﬁg
. fdnniné.‘ Time varying llevels_ of postsyneptic

inhibition Eannot be excluded, but the average value
: 0 ; , ‘
wéuld still be” less during walking thah during

running. o : _ : ’ .

- . * > R

. The EMG as a measure-ef motor output .

The amplitude of the H-reflex was differenﬁﬁ%ﬁéﬁ,aﬂ"w

‘ abéolute basis, in each of the motor tasks &\;‘

1nvest1g ted . F&ﬁfexample, it was very la ring
-4 quiet sta d1ng and much smaller in eerly' tance, ‘

: . ) LS N
despite th! fact the{e 1s.much more EMG acthty in

the Soleus in" early ‘stance dowmpared’ to qulet standxng
The max1mum ampl1tude of the reflex durlﬁb runn1ng was 7 . R
smaller_ than that dur1ng °walk1ng, ‘although" runn1ng
involvee a much greater activation of the‘ Soléus.
Hewéver, aside from the aBaelute dlfference in reflex
/\CAaﬁplitude”between‘teske:' it was hypothe51zed that the

. mdnosynaptic reflex- -output could be controlled by - a -

centrel fector, independently of the level of motor

’d‘ . - ¢ +

. N ’ —t » > .
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_activity, This proposal stemmed ffdm the observation

LY

that the plot ‘of reflex amplitude vs the mean level of

{

‘the rectified EMG activity, at the time the‘reflex was :
“‘ .
elicited, was different, in each of the three tasks

investigated. Since,  the plots do not superimpose, )

-

the size of the reflex appears td be independent of

A

the level -of motor output. = e .
ey FERE "‘:". } S . : : . . -
.- .wBor this.fenclusi®n to be valid, the mean value of
A ) i 4 . ‘ ‘ ‘
the rectified EMG signal-must be re€lated to.the numbeg &

o ‘and rate of discharge of the active motoneurons, to
wv o, . .

the “same extent in each of the tasks 'gated. a
The're is no goUE% on both experiméntaltah retical * '

grounds that the 'gross EMG §%%ﬁal depends oh the

=¥

number‘and rate "of discharge of ﬁhe active motoneurons: « e e #

(Milner-Brbwn' énd Stein,  1975; De Luca, 1975);

Howev;}U is there a unique.reiation‘betwegn the hgan ’ -

valuev of ' the gross EMG and ;he level of ;étivity of

the a:moﬁoniurons in the popl?i It may be posgible

that a given, mean level of EMG activ;tyv may be -
PSR N - e ‘ ’ <+

'producéd by different combinations of motoneufon_'

’

ﬁ?"u}iséh!rdes.- For/ this to occur the two factors,

R
Aumher and ‘dischfrge rate, . contributing £9 the mean )
:Valhe ‘of the EJG youquhave to,pé';dissociaged f;ém ¢
each » qﬁher%' Mis ihpzaes that a given mean faiue
éoﬂld Sé\h proéhced by ‘either. many mbtgnéu;ons
dischargL;;‘ gldwly, orké\tglativélihhgfaller xnuhg:; ‘ e

'discharéihg rapi@lyg
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-4 km/h. 1t was also shown in the cat that, the firing

‘running, increased monotonlcally

. orderly fash1on (Mllher Brown,- Ste1n an

However, duting increasing contractions’ lasting

about one second, the firing rate of single motor

units .increases monotonicaliy"(e.g., Desmedt & Godaux’

'1978). This is of tHe same order of magnitude as the

duration of the Soleus EMG during walking in humans at

rate of single mdtor units increases monotonically
WIth the wvhole muscle EMG, over an approx;mately two '
fold range of walklhg speeds ranging from 0.5 to 1.2
m/s (Hoffer, et al., 1987a). Such a two fold range of

locomotor speeds in thefeat, 'correspondingfto walking

- and trotting; is chbaréble’to that betﬁegn walking
- y ' . .

4 ‘
and running in the present study on  humans.

Similarly, the f1r1ng rate of individual motor units
increases menoton1cally, up to their saturation level

with contract;on strength durlhg tonlc cgﬂtract1ons
(MllnerﬁBrown, Steln, & Yemm; 1973) It may . be
‘concluded from the above f1nd1ngs that the f1r1ng rate
of 1nd1v1dua} mqtor units in the three ‘tasks

1nvestlgateQ~ fin ‘this study, standing, walkieqg,

ith the lev l of EMG
activity. ‘ Furthermore, 1t4es well known that 1n most_

( ﬂ

naturdl - motor tasks moto; Mnlts ar
Desmedt and Godaux, 1978H Grlmby, J984; Th
and Stein, 1986; Hoffer et al., 1987b).” Orderly

recruitment in the direction of small slow twitch

\' | - . x "> |



‘motor units to large fast twitch métor units was shown
to occur in tonic contractions of increasing strength
(Milner-Brown et al.,. 1973) and during slowly

increasing contractions reaching a maximum in about 5-

7 fecF(Dgﬁmedtvand Godaux, 1978). The recruﬁgment
o;dér i@ﬁé' exactly the' same 'for‘“thg motoér units
recom&ed in the'sldwly inéreasing éontrééfion,éhd Qhen
. the qqgt:action was done in about 200 ms but reaéped'_ T

‘ Tt
the‘ gﬂmg maximum force level (Desmedt and Godaux,

1978) . * Recently, ‘orderly motor unit recruitment was

shown in man durlng walkxng and runnlng (Grlmby, 19843
-9

‘i:d ;n thevcat durlng walklng and trotting (Hoffer ‘et

’ » ; bt

7By | ' ©

-

2.l R

bl

Iﬁﬁtsummary, in the fasks investigated in ~§his
study, motor,unfts most likely increaséd-their firing
rate if parallel w1th the EMG and wer recrhited_{n an
orderly fashlon. in this situation the’mean value of - .

i(’the fectified EMG will be a fair méasure of .the mbgpr

s 13

) > output. The EMG W111 probably reflect the f1r1ng rate

* + and number of recru1ted mogot units to a §1m11ar

.

1, .
~““extent 1n,each of: the 8ask$. . In other words, f1r1ng

“ 1'.' “,PVV el T f?" s ;,” o b"w';. . » E

Qg§ﬂ§a£é and numbem LOf acttvé Un1ts should each ‘bei~ B

. ‘ye1ghted by*.51m1lar amounts in each of ‘the tasks.. .

S:ff There may,,be s1tuat1ons, however, sucﬁ as during .
ballxstxc cantractlons where only a few motor units

are active at_Very'high initial rates of firing rates

. .’ . .
’ . .
- - . - . ~
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(e.qg., ﬁésmedt‘&i%odaux; 1978). In this cdsé,ﬁ the
A_jfiringl.raég would conﬁribute relaz?vely more to” the
EMd than the numbernof active motor units. This is a
case where the contribution _of firing rate  is
’\{:Trelativgay ‘more weighted than that of the.’hdmber o;
/" firing units. The mean value of the EMG tained in
this case could not be compared to that obtained in a
sitqation where the relgtive weighting ofi these two
factors is different.
An experiment, consisting of recording the surface
EMG and simultaneouslyvéhe activity of single motor
uhitg in the’various taﬁkg inveskigated, could resolve
. the isShé; 1f ~at the same mean level of EMG the
firing rate of motor units is essentially similar in
' *each of the tasks, then it is clear that the two
.factors contributing to the EMG are weighted equalle}y'

I

in.these tasks.

| ' t
Independence between mondsynaptic reflex output apd:
» - k _ - _ .
motor output : . -t

In 1969 Kots published a series of ﬁapers (revieyed ’

by Kots,. 1977) 4deaiin§ with changes in_ H-rgflex“'
fﬁ.ﬁ$§§giii;62  ;Lf3ﬁ;-,£hé léfenplpériod. of 5 ‘§oluntary°
plantarflexion qf the ankle signijédfby either an

- auditory, gomesthétfb;_ or visual cue. He reported a
| progressive’ incétasef in the | H-iéflex- amplitude
beginning about 60 ms pfiot to'motor activity. This

.vb

o

! s, &



o e

“reflex potent1atlon was’ restrlcted o¢the'motor‘ pool .
~ T

‘fl'of “the ' ankle! ‘extensors and was. thus 'a, spec1f1c
:'phepomenon ?assoc1ated w1th voluntary actlvatlon of ;a'w
muscle ‘éroupa " He called this reflex potentiatlon
’ﬁl‘precedlng~%voluntary/moGEment the "tunlng phase"anc,
'ilascrlbed it to theuactlon of. descendlng commands ~on
?chel segmental 1nterneuronal systems. Most of thgse
J;exper1ments were oone startfhg from“rest (1 e.,"nok
f;mo£6rﬁ activity in’ the -ankle extensors) SO ‘that ‘the,;
.fireflexw potentlatzontmay have\been 51mply a reflectlon
'“fof ‘a- slow depolar1zaé¥on,70f‘rthe motoneurons to
’Lfthreshold However, ,thef same t1me cour§e of reflex’
‘1?pOtent1atlon was '-also' observed when‘,the : subject
vjhmalntalned~ ton1c level of motor act1v<ty pr1or yto ;l‘
lfﬂpresentatlon of the movement cue. Aﬁthough the mean':'
:level }of: EMG act1v1ty was not measured,prlor 0o, ‘the
vrreflex responses,_ v1sual 1nspectlon of f1gure 12 (ini‘
tl_Kots, : 1977) i reveals -that- th .«EMG levels were\
approx1mately constant dur1ng ;théj reaction t1me..'

Therefore, 1t appears that durlng the latent perlodﬂf
\

\ f%_there ‘wasm:a potent1at1on of the H~ reflex, due to- a.

‘central factor, 'desp;te ba constant level oﬁ_ motor;."'
Pact1v1ty;}' Kots -dld“n dlSCUSS th1s .f1nd1ng ‘ash
hshow1ng 1ndependence"of reflex output from kmotorhf;ﬁh
,'output but rather suggested that 1t demonstrated ther)
'general nature of the "tun1ng process (Kots,_ 1977)

1} Kots observat1on of reflex "tun1ng demonstrates that{ui'”



‘?precedinéf mctor actlvzty there may be

descendlng

......

'of, thxs “tuning prOCess mag 1nqeed‘be dlrected \onto
e

tthe_ xnterneurons med1at1ng p esynapt1c 1nh1b1t;o X

RS

although Kots drd notnprese t any SpGlelC ‘nedral

o \bnechanlsm to: account £or the tun1ng phase., However,

h”i it does not follow from these observatlons that the

~

"uorr 51milar\\q£servatlons by other authors (She1rs &' "

BN

,5€ modukat1on {f:f the monosynaptlc reflex, reilexes‘ |

~

efflcacy of" synaptlc transmrssxon from~ the fia-g

afferents to the mdtoneutons LS speetﬁacally altered

~0

‘inﬂ order‘ to adapt the¢7

qreflex output to the

N .

re U1rements -o& the ask, “as dlscussedv‘1n “var1ous'
q

parts ’of thé/thes;s.i,";x”ff,f“*pf‘ ,H'ss' {“’;4

In other wordsfthe observat1on reported n tbls

i S

thesxs, that dur1?g movement/the CNS sets the level of

monosynaptlc ‘re;ﬁex 0utput llndependently from the ;Z?

motor*output does not follow from Kots observatlons S

SR \"»

Jog T i

Brun1a,. 1935 Req&mn, Bonnet and Semjen, 1977) _ For k

example, yhe "tun:ng ghase may have represented ja;’ o

gradual change 1n the level of presynapt1c inh1b1t1on

from a/ "rest1ng¥ level to a f1xed movement" 1 vel

&

~obt 1ned i dlfferent'tasks would fall on the same

S

cyrve're&atlng}:mgj'“i

actlvzty - It rema;ns an 1mportant task ~however;,to :

11, .

fIt_ thﬁg case there would be 'no task depe dent'

' lltude to the level of motor'ﬂ'

1!82, .

l

[AR



.fprecedo»‘voluntary‘ﬂﬁovements- and Kots' - work Vig*qanujﬁjﬁﬁ

' important beginning,

v

-

understand in neural terms the "tuning" events‘ that

1

)

There ,was, however, a paper publ1shed in 1970'j

‘(Gottlieb _Agarwal ahd'Stark 1970) that po1nted to |

tbe» p0551b111ty of the 1ndependence of monosynaptlc

’?eflex output ﬁrom the\level of motor output, as well

k)

as suggestlng presynaptlc 1nh1b1tion as a .possible |

neural mechanlsm forwproduc1ng thas effect. : This
A ‘ N .

”paper» was. in many respects -ahead of its, time, - or - at

least foreshadbwed th&ngs to come. The\authore“ueed‘.

g*menhods of data acqu151txon by computer,’ quant1tat1ve

methods 'of data reduct1on\ and, analys1s,-rpand\

'jdlscusgiods of neurophy51ologlcal results in terms of

f‘cohcepte from . ¢control theory The H-reflex
‘potentiation - they - observed durlng . isometric

voontractions( going from tonlc ankle dorsiflexion to

~.tonic ankle_plantarflekjon; could however be explained

-*simply as‘reeulting f rom the~large‘burst of Soleus»EMG,

' activity'.necessary. for the rapid reversal of foot

'3torque.’71n‘faet,‘the'temporal profile of the H-reflex

]

| roughly proportlonal to the first derlvatlve of th

».,

'potentiation ',do;ing’.the';isometric contraction is

\

Soleus EMG burst.g' .
More recently,, Soecht;ng, Dufresne,‘and Lacquan1t1
(1981) stud1ed the reflex responses of the bxceps or

trlceps brach11 muscles to torque pulse perturbat1ons

e

N
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' 51n three s1mp1e motor tasks.“ In one taSk thersubject;

'was 1nstructed not to res1st the. perturbat"h and in

@

'kthe other to do so. Flnally, the subject was asked to

' track& a- V1sua1 target mov1ng at constant veloc1ty.‘

They - found that the amplltude of the cpmputed 1mpulse

'ifresponse of the biceps or trlceps brach11 muscles‘ to -

"jthet torque pulsé perturbatlons was dependent on the

@

partlcular motor task the subject was 1nstructed to

.jperform | They argued that a "central factor" must be

‘“ﬁfanOIVed in the reflex modulat1on, because the rate of

,.1ncrease of the amplltude of the 1mpulse response was

ildszerent from that of the EMG in.each of the tasks

they Alnyestigated.‘” Thef attributed the observed
°'modUlationsn to 7changes in the sensiti#ity of the
musclev spindies produced by thei fu51motor :SYStem.

Although, the sen51t1v1ty of the muscle sp1ndles is

\

.set centrally, via the gamma motoneurons, 'the - same.

&

| muscle streech would produce a dlf?rrent pattern' of -

vafferent act1v1ty. Therefore, the
response will be different and this.' without -"any

_l‘change 1n the transmlss1on propertles of the central

pathway pfoduc1ng the response.- Clearly, any study‘
us1ng muSGIe stretch as an 1nput cannot. establlsh that'

a. part;cular pattern of reflex 'modulat1on :is .due

either*unlquely, or partly, to a change in tRe central

pathvay producing the response. If such a change
L. * B : R <

f_‘i} ? ‘4 |

resulting reflex

e T V'
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occur;} the same afferent 1nput wxll produce a“;h
'dszeﬁfnt reflex output. It was also suggested as an.;

: alternat1ve Lo changes 1n fusimotor act1v1ty, that the
'seleet1ve. actlvatlon of different reflex pathwavs,
each having its own .dyhamic. characterxst1cs, vcould
acc0unt for4their‘resd1ts, | ' y - -_;

" The- first" demonstration 'that there 'ie 'at'Eask
dependentx change in the amplxtude of the H—reflex and
apparently :1ndependent of the level of EMG acb1v1ty"

" was published 1nl19;2 by’ Morxn .Katz, Mazieres and
:Pierrot-pese1lllgny._' They demonstrated that the H-
reflex‘ vasx larger - durlng a steadily ma1nta1nedr.
,.volnntary ‘oontraction of the ankle-extensors comparedf
to its amplitude during the'early part of'stance;u"In
their stddy; therefore, only one level of. contractzon*~~‘
" was studied so it remalned\to be observed whether thlS
could occur over a w1de range of act1vat1on levels and
in dlfferent tasks.. \We publ1shed in 1985 (Capaday and
Stein, 1985) an abstract summar121ng the contents ,of
chapter 2 w1thout knowledge, at the time, of the work

of Morin and hlsvcolleagues. 3 : s .

| our’ observations'on the modulation of the. H- reflex
ddrino walklng have been 1ndependently confirmed - by
-.Crenna and Frlgo (1987) Llewellyn , Prochazkaj and
V1ncent ,(1986) 'have shown that T- reflexes are also
.strongly modulated dur1ng wa1k1ng and have_ contirmed,

also using Tvreflexes,.‘ﬁourw observations on the

-
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““dftterence " in mdno'synaptfi‘c ‘reflex amplitude between

”walking andpstanding. - The reported'independence of

monosynaptic reflex ot output from the level of . motor
\‘output has been”conf1rmed by Romano and Sch1eppat1

, (1987) in\ a different exper1mental parad1gm.

' Other poesible mechanisms of H-reflex modulation

Presynapt1c 1nh1b1tlon was presented as.the major

neural’ mechanxsm to“account for the differences in the

- , - | 186

| ampl1tu3ﬁ of the monosynaptlc reflex in the dlfferent'

.motor taqks.znVestlgated.4 However, because of overlap

'of conduct1on veloc1t1es between the Ia-fibres and the.

%

Ib- flbres, and because of the nature of the exper1ment
"(recru1tment‘ of alpha motor fibres by the rstlmulus),
the -phangesr_in the amplitude‘ofi the H-reflex nay
reflect changes 1n theﬂftate of the Ib .and . Renshaw
:interneurons. ;The 1nfluence of large cutaheous
~'afferents. is probably far ‘less \iﬁportant than the
pOtential contr1but1on of the above two factors
because several synapses are intercalated between the
c taneofs afferents and the’motoneurons. |
Let” us consider the-possible contribution of the
- Renshaw 'cells-first. These neuror's are inevitably
laCtivated when _ the stimulus eliCjts»anltﬁ—wave and
hence activates alpha %@tmotor_ | fibres  both

orthodromically and antidromically. The antidromic

invasion of motoneurons within the spinal cord will

~
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actlvate Renshaw cellv via gke mqtor axon collaterals.

The volley from the fastest alpha fibres will arrjve

in the spinal cord before that of the slowest_ la-
’f1bres Activation of the Renshaw cellsoby the fast
alpha” 'volley will 1nh1b1t the response of motoneurons ~,
to the volley of the slow “%a-fibres. ‘However, . by
‘keeplng the ksize of Qhe\M—ane’ cohsﬁant and thus
activation of the same number of alpha f1bres, " the
samé number of Renshaw cells w111 be activated’ for' a
given state 6f ;xc1tab111ty of  these .. neurons.
The;efofé, és long as fhe state of excitability of the
Reﬁshaw cells‘sﬁays the same changes in the amplitude

‘ . [
of the H-reflex must be.gue to other factors.

-

' For, the Renshaw cei}s.to contribute to the obsérQed
differbnce bétween V walking 'ahd standing their
exéitabili;f would need to be gfeatef in walking than
:in standing. Thiskwould result in'the smaller reflex \

amplitudes obServed' in_rwalkiné. Similarly, the

excitability of the ﬁenshaw cells needs to be greater
~in running compared to walking in qrder to'explain the
~difference in reflexes between these two tasks,
_ — | ‘ AV
What then is known t the changes in Renshaw cell

.excitability as a function of the level of motor

. v

output?
In general,;~Renshaw cells are inhigited; as the
level of motor ouppdﬁ increases (Hultborn and ?ierrot-

-

&

l.
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Deseilligny, = 1979). . Thdrefore, Renshaw cell

increases. 1t follows from this that if Renshaw

" reflexes in the standing tasff and those in the walking

¢ o e

, . Lo .

excitability decreases as the strength of contract1on

inhibition were the only factor, H-reflexes sghould be

larger in runnlng than in walking, whzch they are not.
* *»

iiaé’ decrease of Renshaw cell excitability with

increasing levels of motor outputf'ff

ek t to, allow

for the hlgher dxscharge frequen" :recru1tm

of motor units nece‘sary to produce’ hxgher contract #n

strengths (Hultbern, Bindstrom,. and Wigstrom, 1979:‘

fsee also Noga, Shefchyk, Jamal, and Jordan, 1987). It

may  also have a second functional role in increasing
the potency of la-interneuron -inhibition of the

antagonist motoneurons (Hultborn and Pierrot-"

‘Deseilligny, 1979). This follows from the fact that

Renshaw ~ cells directly inhibit Ia¥interngurons
pr&jecting to the antagonist motoreurons (Hultborn,
Jankowska, and Lindstrom, 1971).

A

The difference between the amplitudes of the H-

task a:e'also not explainable by a change in Renshaw
cell excitabiliﬁy. Hultborn_ahd“,Pierrot-Deseilligny

(1979) reported that the Renshaw cells produce more

~inhibition dﬁrﬁng tonic contractions (e.g., standing)

thaaiin increasing contractions (e.g., walking) of the
same strength. Therefore, the excitability of Renshaw

cells is greater during tonic contractions than during
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progressiveﬂy increasing conhtractions. Again, it
Renshaw inﬁibition were the only factor atfectfég
ref}ex outpdt, reflexes would have to be larger in the
- locomotor tasks than in standing, which they'are ;ot.
The funétional role of the Ig;afferents is not
knowrt, bug it is generally accepzed thét they re
invp&ved in force rggulatiqn (Houk and Rymér, 1981).
The Ib-interneurons inhibit homonymous and synergistic
motoneurons (Eccles, 1964). Littlg, if anything, is
known about any ;hange in ;he state of Ib-intérneurons
as a function of motor oulput level or in different
motor éasks. It 1is therefore conceivable that if
their ~excitability increases in going from standing,
to’ walking, to running, this hay contribﬁte to the
decrease in the amplitude of the H-reflex. - However,
the method of measurement adopted in the present
studiegl measutingsthe peak to peak amplitude of the
reflex, may minimize 61igosynaptic contributions such
as those of the‘Ib-interneurdns. The peak to peak
value of the compound action potential (H-reflex) is
probably due in large part to the response of the
' motoneu?ons to the fastest la-fibres, which at least
.in _the cat are a little faster than the fastest - Ib-
fibres. Therefore, the pedk to peak measurement will

be less affected by oligosynaptic contributions thgn a

measurement such as the area under the rectified

-
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\wavetorm of the compound action potential The latter

sbuld also reflect the relatively mole delayed
discharge of motoneurons to the slower Ia-fxbres, and
. hence may poSsibly be more affected by oligosynaptic
inflﬁénces. | ) ’ va ‘

In \the introduction 1t was pointed out that there
may be a polysynaptic excxtélory pathway between the
Ia afferents and the motoneurons, in additﬁon to the
'monosynaptfg connection, 1f the‘H-fbflex is due in
part to the\pdlysynaptic pathway, then changes in the
excitability \ot the interncﬁroqs in this pathway may
.account for the observed differences in the amplitude
of the‘ﬁ-reflex in the differgnt-@hsks. for such an
'interneuron;1 .pathway to have an influénce on the H-
reflex output, the rise time of the monosynaptic epsp
in the motoneurons must.be sufficiently slow to allow
a céntribution from the polysynaptic pathway. This is

© what has been argued by Burke et al. (1984) on the

basis of their estimate og-mdnosynaptic epsp rise time
iq'.motoneurons of hdmans.1 The& estimated this rise
time, us1ng the post stimulus time histbgram' method -
_(PSTH) (Ashby and Labelle, 1977), to be apout 2.4 ms
with a standard error of about 1 ms. This they argue -
would al;ow for at least an oligosynaptic contribution
to the H-reflex. A rise time which exceeds 1 ms, the

minimum time to traverse an additional synapse

o (Eccles, 1964), is not the ‘only condition necessary ‘to
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allow for an oligosynaptic contribution, Motoﬁeurons
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are much‘larger than interneugons aﬁd would'ghUa tend
‘to have faster time constants., This wﬁuld allow for a
faster rise time of the ep;p produced by. the 1Ia
afferents in ‘the motoneurons compared to that in the
_interneurons, Therefore, the interneurons may not
‘- reach threshq{d in time to"affect the motoneurons. It
ri iq possible that the interneurons have special
meﬁbraﬁe properties that allow for fast rise times of
pogt synaptic potentials, or lower thresholds for
spike initiation. In summary, it'is by no means
certain ghat the H-reflex can be significantly
affected ®y oligosynaptic contributions as this
requires several factors to work in concert. It would
be interesting to look at this question more carefully
in animal experiments, as well 'as to evaluate the PSTH
method in such;experiments; Finally, the conclusion_~
that during activity of the motoneuron pool, only
presynaptic 'inhibitioﬁ"can affect the moﬁosynaptic
component of the Hsreflex, 1is not invalidated by any

possible oligosynaptic contributions.

Conclusions

It was shown in this study that thev monosynaptic
reflex of normal human.subjects ig task dépendent and
thé£ its pattérn of modulation in a motor task is

likely. to be of functional value. For example it was
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suggested, based oH measufqments o§v~anklo,'angle,
Solebs EMG, ' and 5;rqtlek’measurements, that part of
the Soleus motor output duting locomotion may be due
to the stretch reflex. Experiments by my colleagues
in the laboratory are currently under way to estimaté
the contribution of the stretch reflex to ‘the net
motor output of the Soleus during walking.

Evidence was also given that thel efficacy of
synabtic transmission Setween the la-afferents and the
motoneurons can be controlled by the CNS independently
from .the level of motor activity. .A computer model
was developed to analyze the central neUral'mechanism§
that may .influence the input/output’characteristics of
this ' pathway. It was found that. ‘presynabtic
inhibition was the only central mechanism that. could

allow for control of the monosynaptic reflex .ammljtude

independehtly' of the level of motor activity. The-

~results obtained from preliminary experiments done irn

the cat support this conclusion. Technigues may be
develobed‘ to record from single motor_un{ps in th;
soleus during at least standing and walkiﬁév and the
PSTH 'method used to estimate the size of the epsp 1in
each of these tasks. This would allow for a
comparison of the relative size of the epsp in these
two tasks. If the predictions made in this thesis are

correct, then the epsp should be on average larger in

—~
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the standing task than in the‘ wvalking tusi.* 1t
Temains to be established, in natural motor activities
such as waiking, - whéther the source of the postulated
presynabtic control is central or peripheral, and it
central which Structufes are involved. AThe effects of
presynaptic Ainhibition'on the reflex muscle ltiffness
should also prove to be interesting experimqnts.
especially if done in a context requiring aﬁiptivi
control of the stretch reflex. ’

An investigation of the relation between motor unit
firing Tate and EMG activity, as suggested in a
preceding section of thiqgfhapter, would be a useful

o .
study towards understaﬁdi'g the use and Jimitations of

1 , s .
the gross EMG as a mgasure of activity in the

motoneuron pool.

L

Finally, it seems logical to extend the study of

reflex modulation during posture and locomotion

describéé in this thesis to pathological cases. Mosg
prominently in patients with strokes in cortical
areas, Parkinsons patienfs, and in patients with
cerebellar dysfuncﬁioq. Many of these patients have
an inability to walk, although the reasons are likely

to be quite different for each pathology.

S

~
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