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There ane. centain things 4in Natuwre in which
beauty and utility, artistic and technical

‘perfection, combine in some Lncomprehensible
way: the web of a spiden, the wing of a
drnagon-§Ly, the supenbly streamlined body of

the porpoise, and the movements of a caZ. - .
These fast could noi Be LovlLien even had they

been designed by a preternaturally giffed

dancer striving fon choreoghaphic grace, nor
could they be more practical even undern the .
tuition of that best of alf 'coaches' - Zhe
sthuggle fon exidtence. And it 48 almost as
though the animal were aware of the beauty
0f its movements, fon it appears to delight
in them and to perfoam them fon the sake of
thein own perfection. ' ,

Konrad Lonenz -

AN
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| | ABSTRACT

The centra] motor program for walking is continuously under

the_influence'of afferent input from receptors in}the skin, nusc1es
. and jofnts activated during the waiking”movements. The.way this
afferent input reflexly modulates the step cycle of‘the sing]ellimb
was investigated by activating these affehents during stepping and
. studying the induced changes in’the EMG bjrsts or the joint angle

excursions of either mesencepha]ic; premalmillary or norma]vwalking
cats: | o | -

_ It was found that the reflex 1n1t1at1on of the sw1ng phase does -
not on]y depend on a threshold h1p extens1on, but rather is determined
by reflexes from pad and ‘foot receptors and from extensor muscles.
Stimuiation of the skin and muscle receptors either by natural
st1mu1at1on methods (tr1ceps surae stretch, v1brat1on evoked
contract1ons) or e]ectr1ca1 stimulation (weak shocks g1ven to the- skln
of the d1sta1 hindlimb or to the nerves 1nnervat1ng th1s area) had a
very potent 1nh1b1tory effect on the central system responsible for L
‘the generation of flexion dur1ng the swing phase (the f]exor "ha]f
center") This suggests that 1n1t1at1on of flexion 1s-1nh1b1ted by
act1v1ty in skin and muscle afferents which are normal]y act1ve when B

the 1imb is support1ng the animal during stance, hence prevent1ng the

hv;]1mb from flexing as 1ong as the 11mb is loaded.

. Termination. of the swing phase is also 11ke1y to be under
'.reflex contro] Weak st1mu1at1on of the tibial nerve at the end of the

: flex1on phase was ' found to shorten the per1od of flexion and to 1n1t1ate
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a premature onsst of extension in premammillary cats. It was suggested
that this reflex effect, presumably tinked to activation of large

afferents from _the pad, forms the, Tocomotory counterpart of the

hcr1WQ\Breuer ref1ex, known to p]ay a role in the term1nat10n of the

x“' J
TN ,‘Abupaxa%1on phase Further skin or sk1n—nerve stimulation exper1ments

Qj ;ﬁjehe pegmamm1llary and normal cat revea]ed the existence of a second

" type of reflex response at the end of the flexion phase this time,
" however, 1ead1ng to a pro}ongat1on and exaggeration of “the flexion
movement. It was suggested that this response was related to the \
withdrawa] reflex. “Durfng the stance, the evokation of exterdceptive
extensor reflexes was found to increase the extensor actieity; indicating
that exﬁensor reflexes mqy play a role in the maintenance of extension
during the stance. | | |

In conc]usigh, kef]éxesdfrom eXteroceptive’and>bropfioceptiVe

origin séem to fulfii] two basic functions during cat ]ocomotibn:k \ |

(1) intensify the ongo1ng activity in a part1cu1ar phase, and

/
{
!

(ii) determine the sw1tch1ng “From one. phase to another

——

vi
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CHAPTER 1. INTRGDUCTION

In mammals, alternating movements, such as seen in walking
and respiration, are largely dependent on a centrally generated
rhythm, which bersists even in the‘absence of all sensory feedback

(Brown, 1911; Burns and Salmoifaghii 1960; Winterstein, 1911).
: ~

Afferent input and reflexes are, neverthe! ‘ss, essential for the

norma] execut1on of these cyclic movements , s1nce the bas1c rhythm

has to be adjusted to suit external requirements. Typrca]]y, the

two phases within a cyclic movement differ in this reSpecf. In a
number Qf'invertebrate and vertebrate'cyclic motorisystems,~a | .
distinction can be made between one phase, which is rather rigidly /S
centrally programmed, and anotﬁer phase, which is more f]exib1e and
‘relies more. on sensory feedback. The inspiratory phase of reSpir-
ation and the sw1ng phase of 1ocomot1on are both character1zed by

a standard duration, set by a hcentral osc1]1ator , while variations
ih Eota] cycle duration mostly are brought about by ref]eX]y'indUCed
changes in the duration of the expiratory phase end the stance phase
(Gautier et al. 1973 Orlovsky and Shik, 1965; Pearsbn and Duysens,
1976). However, even the more centrally ‘dominated phases do not |
escape reflex control. -In the mammalian respiratory system,
artificial inflation of the lungs or stimulation of the Qagus

nerve during inspiration fesu]ts-ih a premature termination of the .
inspiratory phase (HeringQBreuer.ref]ex). When applied during the
expiratory phase, the same maneuvers delay the expiratory—inspirafory

J

phase transition.
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As far as locomotion is concerned, the existence of phase

Timiting or pro]bnging reflexes is less well documented. In some

- invertebrates specialized receptors are thought to play a role in

walking. When hair—pJate.receptbrs, which are normally e;gited
dﬁring flexion movements, are:femovéd'in stick {hsects o% éoék~
roaches, exaggerated stepping with prolonged flexion is observed
(Wendler, 1966; WOng and PearsQn, f976). In the mammalian walking

system the reflex control 6f>waTkihg has been proposed repeatedly

* (Lundberg, 1969;+Philippson, 1905) but direct evidence has been

s]ow to emefge Hence most of our present knowledge is s£i11 1arge1y'
based on extrapo]at1ons from ref]ex stud1es on 1mmob11e an1mals and
it is but recently that preparatlons have been deve1oped allowing an
exper1menta1 ver1f1cat1on of these extrapo]at1ons (Sh1k et al.,
1966 Orlovsky, 1969).

1.1 - Neural Con'trol of chomOtion -
Three recent reviews have covered this area ektensiQéTy\x
(6riTiner, 1975; Shik and Orlovsky, 19763 Wetzel ‘and Stuart, 1976).

In genera], one can d1st1ngu15h ‘the following basic elements in the

vorgan1zat1on of mammalian locomotion:

1.1.1 The single limb oscillator
Each 1limb has the abi]ity’of"perfobming stepping movements
on its own, even if the limb is deafferented (Brown, 1913, 1914;

Shik and Orlovsky, 1965). ,Dufing such stepping movements the 1imb

acts as a whole so that dig}u(sif;fi;iiffgg/mBVEmﬁﬁ%vof one joint
produce a reaction in the movements of all joints (Orlovsky and ‘Shik,



1965). The single Iimb osci]iator is located in’the spinal cord
(Brown, 1913). o

1.1, 2 | Coupliﬁg between osctillators

The use of more than one. 11mb in Tocomotion requires the .
coord1nat1on of the stepp1ng movements of d1fferent 11mbs Such
coord1nat1on is retained in spinal animals (Miller and Van Der Meche,
1976) but higher centers (bra1nstem and ret1cu1ar format1on) are
thought to be involved as well ("tegmenta] response" Sh1k and
Orlovsky, 1976). Afferentat1on is not indispensable for the
production of ceordinated stepping ‘movements (Brown, 1911b) but is
crucial for the adjustment 6t/the different gait patterns. (walk,

- trot, gallop) to the needs of the environment.
, L

1.1.3 Supraspinezl centers L&

The fine tun1ng of the "raw" progress1on movements is
accomp11shed in higher vertebrates by the interplay of peripheral
and central 1nf1uences in suprasp1na] centers. These centers also
determine when and how strong the spinal locomotory centers are
act1vated (Sh1k and Or]ovsky, 1976; Wetzel and Stuart, 1976)
1.2 The Role of Afferent Input in Locomotion

From the above it fo]]oﬁs that afferent input is important
at all 1eve15'of.the organizetion'of Tocomotory behavibr. However,
the'work'ptesented in this thesis has not been gndertaken to gain.
more insight into the role of affepents on interlimb coordination
or on highef center functigning.' Instead, attention Waslentirely

" focused on the.interaetion between afferent input and single 1imb
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osci]iafbr output; In particﬁlar; the-question wa's asked how the
step cycle and its differént‘components'are modula ed by sensory
influx. These étep cyc]é components, conventidna]1 desighated‘as
F, EY, E?, and Eé (Phitippsén, 1905), can be briefly described as
follows: ! . v_b | . \\

(1) F (flexzon phase) is the per1od of the step between
the 11ff1ng of the foot from the ground and the onset o& extension
in the major Jo1nts during the last part of the sw1ng phase.

| (11) El (first e:z:tenszon phase) is the per1od between
the onset of extens1on and foot touchdown.
- (111) E? (second extenszon phase): vfo]]owing touchdown

the Timb extends at the hip but y1e1ds at the knee, ankle and meta-
tarsopha]angea] joints.

(1v) E3 (third extenszon phase) covers the t1me between
the end of the yield and the thrust- off at the end of stance.

On the other hand, the afferent input can be c]assifiéd~“
in three‘majof groupgldepending on the receptors of origin:
(i) cutaneous input:” sensory information derived from éctivétion )
of skin receptorﬁ. DUEing»1ocbmotion=it.w111 be main]y the skin
receptors of the pad and foot that wi]],beoactivated_during’the
stance. (i1) muscle afferent input: ~the muscles contain spécja]ized
sense organs ca]led spindles and-teﬁﬁon organs, botﬁgof which ére
known to be activg«during”wa1king (Sevgrih et‘al., 1967). O
(ii1) joint,afferent“input:' the role of joint receptdrs in locomotion
is coﬁp]eté]j unknown but suggestions have been made that hip goint '

receptors signa]iing hip position may be important for the reflex



“initiation 6f the swing phase (Grillner, 1675).

Re¢ording, stimulation andldeaf¥erentation techniques'
" were used"as weiT as behavioral analysis to explore the contribution
of théSe three groupé'df afferents to the ref]ex control of stepping

in a single 1imb of the cat.



“'CHAPTER 2. THEVROLE OF CUTANEOUs AFFERENTS IN LOCOMOTION
\ : e
2.1 Inmtroduction
A In this.chapter the role of exteroéeptive reflexes Qi]] be
thistigated in-éane’detai1. Such,ref]exes_fa1] into two groups:
| (i) Extensor reflexes: are easily obtained in the resting
énimal'(exten§or thrust: Sherringfdn, 1906; positive supporting
reaction: Magnus, 1926; "stiutzreaktion": *Pritﬁhard, 1926;'toe V
extensdr ref]exf Enéberg, 1964),‘and théir,diSCOVery immediately
gaQé rise to sﬁéculation about the use of these types of reflexes
for the‘reinforcemenf of éxtehsion during the locomotory stance
~phase (Sherringtqn, 19063 Philippson, i905). However, the latter
idea failed to be proven,vsiﬁce denervation gr anesthesia of the
- foot yiélded very small deficits in the walking behavior of cats
(Shernjngton, 1910; Engberg, i964). Shgrkington-concluded that
cutqneous.reflexes‘may‘contribyte but are not indispensable to
]ocunotion.'v A »
This Qiew has®stood up to the present day. 'Recen£1y
Gri]lherv(1975) has pointed out that the negative evidehce could
- be attributed to ihadequaté testing COnditions:and_it is possible
that deficits}wou]d be revealed if‘cats were allowed to walk oh
unpredictab]é sukfa?és. A}so, it is'conceivéble fhat different
‘afferent systems serve the same purpose and thé propribceptorsvof
the 1imb‘may take erf the role normally p]ayednjﬁintly by extero- .
receptors and propkioceptors. Therefore,‘se1ective activation of“

_Cutaneous_receptbrs during locomotion may provide more information

6



than can be obtained from denerQation experiments. In a previous
'study by‘Forssberg et al. (1975) it was shown that stimulation-of
the dorsum of the foot during walking resu]té in-a phase dependent
refiex revgrsaT. It was found'thatsstfmulation during the swing
phase enhanced the f]exibn of'the stimulated hindlimb while
stimulation during the stance phaSe evoked a shorter but more
pronounced extension. -No data are avai]abie bn the stimulation of

- other skin areas during‘10c6motion.

| - (11) Flexor reftexes: alsp were thought to be related

to Tocomotion. . Sherrington (1910) noted that certain "noﬁ—noxious"
stimuli evoke a.fef1ex.f1exion in the Timb and he concluded that
this reflex flexion was the fléxion phase »f the step rather than
the‘withdrawa1 fef1ex.' Aﬁthough considerable progress has been made
over the years in the differentiation of afferents from different |
origins, it is at breseht sti}] unknown which affereﬁts‘pTay a role
in the ref]gx'contrbl_of thé f]ekiqn phase ‘as suggeéted by Sﬁerrington.
~ Qur ignorance is mainly due to the!exc]usive use of motion]eSsvanimals
,in.the study}of reflex effects of different types of afferents.
‘A1though such static studies‘prdvedfextreme1y-va]uable for the
descriptioh of a widespreadvéystem of afferents which reflexly excite
flexor motoheurons (“F]exor_Ref]ei'Afférents" or FRA), they did nof
a110w‘determinatfon of whether these afferenfs made fef]qx‘éonnéctions
with f1exorsvbedaUSe of their role in the reflex control of the
fTexion phaée or maiﬁ]y,because;of their‘protectfvé function in the
 withdrawal reflex. o

Actually both the flexor reflex Q;i;ﬂ::jgilexidnvphaée‘may



well originate in the same center since the motor program as
expressed by the pattern of contractions and relaxations of the

different muscles in the limb is almost identical for both move-

ments (Sherrington, 1910). The difference between the nociceptive

withdrawal reflex and the locomotory flexion phaSe’may then depend
on the type of input this common cenfer, henceforth called f]exor
"hé1f—ceﬁterﬁ_(8rown, 1914), receives both from centfal and
pefipheral sources. Small nocigpptive dfferent fibers may cause

the flexor half-center to be active for-a Tong period, hence

. producing a sustained withdrawal ref]ex,vwhi]e 1arger‘afférents

may ref]ex]y-excﬁte the halffcentef“to a smaller degree; hence

producing the flexion phase of the step (except if the flexor

“half-center is disinhibited such as in the spinal animal, when

the large afferents may also produce a sustained withdrawal reflex).

In the present study the function of flexor and extensor
reflexes in locomotion will be exh]ored using either acute or

chronic experiments on wa]kfng cats. Stimulation of the skin or

the skin nerves of thé-dista] hindlimb will be emp]byed to
-investigate the role of these reflexes in thé regulation of the

‘step cycle.

ST

v .
'Z.ZN,Ereparations and Methods

2.2.1 Prepqrdiions | L

The present stUdy was based on three types of preparatﬁon:

normal, mesencephé]ic'andVpremammillary cats. The latter two

' "acuté? pbeparations'cah Wa]k on a treadmill either spontaneously



'(premammil1ary cats) or after stimulation of a part of the brainstem

(mesencephalic cats).

A. Me_sencephéiic cats.

Stimulation of the mesencephalic locomotor region (MLR),
corresponding to the cuneiform'ﬁuc]eus, eVokes’1ocomotion‘in mesen-
cephalic cats but on a treadmill (Shik et al., 1966).'/In tota1ﬁ13
mesencephalic cats were prepared in this'study but only 8 reéponded
satisf&ttdrily_to brainsfemvstimulation. 'Megehcepha1ic cats can
édjust their gait fd-the speed of the freadmil] even if MLR stimu-
latidn"is,kebt pbnstant. A stepwise ihcrease of the speed of the“
belt from 0.5 m/sec to T.5ym/sec resulted in a Eéductibn of the -
duration of fhe hindlimb step cyc]e.by 49%. Most of this_reduétion‘
was. due to a shortening of the extensioh phase since the duration
~ of the EMG burst in the triceps sdrée fell by 69% while the
duration of thevburét of pfetibia]-flexor activity fell only by
34%,' The shortening of the'eXtensor burst-was to be expected in
" view of the results of Shik et aZ. (1966), who found that the
suppqrt phase is sﬁortened by {nckeasing the speed of.the'treadmi11'
5e1t in mesencephalic cats stimulated with‘constant strength. on
the‘other*ha%g,.Shik ét al. (1966) showed that there was a siight
~increase in the duration of the swing pha;é witﬁ_increaSed speed.

- Since we found a‘shdrtening of the flexor bdrst with increased
Speed, it seems fhat the relative cdntributﬁén'of-f]exion andv
extension tovthe‘swing bhase éhangés somewhét with changes in

velocity. At higher speeds the $wing phase presumably contains

/
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more extension and less flexion in the mesencephalic cat.

The role played by MLR stimulation in the initiation and
' haintenance of walking on avtreadhill was illustrated by some
1nterest1ng observat1ons on mesencepha]wc cats which continued
stepp1ng for a short time despite d1scont1nuat1on of the bra1nstem
st1mu1at10n.' Fig. 1 shows that~stopp1ng the stimulation of the
MLR did not immediately stop the stepping, which instead cod]d
continue for several minuteS' The duration and amplitude of the
bursts of extensor ‘activity in the triceps surae were jrast1ca]1y
~ reduced after the term1natjon of the st1mu1at1on, ]eavqng’on1y'a
' short extensor burst during a period presdmably co;responding to
the first extension phase Desp1te the dramatwc changes in
extensor EMG bursts the Iocomotory rhythm rema1ned qu1te stab]e
the step cyc]e duration b81ng reduced bx only 8%.

These observat1ons agree part1cular1y we11 with the
resu]ts of Sever1n et al. }(1967) based on record1ngs of single
"ventra1 root filaments 1n mesencephalic cats. These Russ1an
workers showed that bra1nstem st1mu]at1on se]ect1ve1y affects. the
number of motor units active at a g1ven time wh11e the ]ocunotory
rhythm is dictated by the speed of the belt and by the resu1t1ng
afferent feedhagk rather than by bra1nstem stimulation. /They found
~thatian- 1ncrease in MLR st1mu1at1on may lead to the recru1tment

4

of extensor motoneuroLs 1n the 1ater parts of the suppgrt phase

and that d15cont1nuat1on of the MLR st1mu1at1on resu]ts in a
gradua] reduct1on in the duration of the rhythm1c bursts of extensor

S

,act1v1ty



1

wmﬂ,wnnrmma I LT
"qfwgautrm ol qu .nm Wﬂm

" | sec

-
-

Fig. 1. Transition From evoked to spontaneous locomotion.
< Note the complete disappearance of the later parts

of the extensor EMG burst after discontinuation of
the bra1nstem stimulation (arrow). Lower part of

- figure is continuation of top part. St = stimulation
of mesencephalic .locomotor region. iF = unidentified
hip flexor; iE = ipsilateral triceps surae; ck =
contraiatera1 tr1ceps surae,
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In add1tlon to con71rm1ng the results of Severin et al.
(1967), the present findings prov1de ev1dence that the first part
of the extensor burst may differ fundamenta]]y from later parts of
extensor activity because of its re]ative independence of
descend1ng activity evoked by MLR st1mu1at1on S1nce th]S first
part of the extensor burst is Tikely to occur dur1ng the Sw1ng
phase and is not affected by’ the termination of MLR stimulation,
it seems that MLR stimulation se]ect1ve1y affects the extensor
activity dur1ng the stance phase. The MLR stimulation cou]d
activate extensor.motoneurons by way of direct descending pathways

but it is hard to understand why such descending activity should

only excite extensor motoneurons during the stance and not during

4

the ﬁrs't-extension phase. More Tikely, MLR stimulation puces
increased- senéitivity of'ﬁhe spinal mechan1sms to rhythm1c
afferent 1nf1uences“ (Shik and Orlovsky, 1976) In other words,
MLR st1mu1at10n may increase the ga1n of afferent feedback path—
ways involved in mawnta1n1ng the appropriate extensor act1v1ty
dur%ﬂg the stance. This ga1n adjustment could ensure that afferent
input e11c1fed from cutareous receptors in the pad and from stretch
rpceptors in the extensor muscles dur1ng the stance excites
¢, iansor motoneurons to a sufficient extent to support the animal.
B. Pr@ﬂwwﬂ%ilarg cats
By making the decerebrat1on in a s]1ght]y more fronta1
plane (just in front of the superior colliculus and the mammillary

body), one obtains an acute. "premammillary" cat (term introduced’

!
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by Wetzel and Stuart, 1976) which is able to walk spontaneou%]y
without any brafnstem stimulation: UsUa]]y the walking occurs fn
cyclic buksts, but sometimes prémammillary cats can wa]kAcontinuously
for hours.

Apart from the-téchnica] advantage of not having to use
brainstem stimulation, prémammi}1ary cats offer tne opﬁortuﬁity~to
study rhythmic a]téfﬁ§ting locomotor output in a hindlimb which is
paft]y denervated and immobilized (further details given in next
secfion). Rhythmic contractions in the intact muscles of the |
immobi]fzed hindlimb during stebping of the othér free 1limbs occur
readily iﬁ premammiifary cats but more rarely in szencephalié “
cats, presumably becausg\premammil]éry cats usué11y walk with much
more vigor than mesencephalic.cafs.- Sincerfixatﬁon of one hindlimb
in a walking cat allowed the application of a widéfrapge of experiQ
mental brocedﬁres, it was.decided teo use predominantTy the pre-

mammillary preparation for most of the experimentskto be reported on.

C. ﬁbrmal cats

The use of decgrebrate anima]s in 1ocométion studies
may lead to interesting conc]usions,”but the extrapoiations of
these conclusions to the locomotory behavior of .normal cats may
have_itsjdangers. Therefore, some of the experiments wereldone
on normal cats which were trained to run on a treadmill. For tﬁis
purpose the cats weré'deprived of food (for periods of Tess than
24 hours) and then put on the treadmill, on which they could rdn,
in order to get a food reward. Some of these cats, belonging to

Ean S

M
o
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another laboratory in our department, had multi-electrode neural
cuffs implanted around several nerves (Stein et al., 1975;
Jhamandas, 1976), making it possible to use chrdﬁic recording and

stimulation techniques in normal cats-walking on a treadmill.

2.2.2 Methods
A. Surgery‘(acute experiments)’

Experiments were done on adult cats weighing 2 - 4.5 kg.

Until decerebration the énima]s were kebt anesthetized with
‘,Ha1othane. After opeﬁing the skin, the common carotid artér was
. ligafed bilaterally and on one side a‘cénnu1a was insefted for
blood pressure monitoring. Throughoﬁt the enﬁire expéfimeht\¢he

- blood pféssure was kept above 100 mm Hg by giving a 6% dextrogé
so]ut1on 1ntravenous]y when the pressure dropped. A tracheotomy
‘was performed, a11ow1ng the insertion of a T- shaped cannula in the
vtrachea. p ’

' For the experiments with nerve stimulation, the Teft
hindlimb was partially denervated at‘fﬁe hib (a1l branches of thé
obturatorvand femoral nerve) to reduce movements after f1xat1on
of the Timb, and at the foqt (peronea] t1b1a1 and sural nerves)
to reduce afferent input from the foot, which was later c]amped
for f1xat1on The partial denervatioh spared ch hamstring szc]es
as well as the ankle flexors and extensors from wh1ch recordings
could be made.

The- animals. were then tréhsported to a frame over a

treadmil], A stereofaxic headholder was used to fix the cat's
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head while the ﬁip was clamped with two sharp hip bars. Xy]ocaine
wd§ used to %nesthetize the insertion points of the hip bars. The
left hindlimb was held up by twoAclamps,‘one around the kneé and
another around the foot. To avoid excessive pressure on tendons
‘ of long toe muéc]es; the foot clamp w&g not too rigid.' Nevertheless,
movement at the ankle was quite restricted and the contractions of,
the énk]e/f1exors and extensors were essentially jsometric., Tﬁe
knee was held in a semi-flexed posit%on, a]1OWing the construction’
of an oil pooi. The threevremaining Timbs were in contact with |
the belt of the treadmill and were free to move. |

Once fixed in the frame on the treadmii], the cats were
decerebrated with a stereotaxically gaided spatula. The level of\
transection was' just froqtal'to the colliculi and the mammillary
body in thé case of the "premammillary" preparation and was just
behind the mammi11ahy body in the case of the “post~mammiT]éry“v
“or "mesencephalic" preparation. Both preparations can showigood
coordinated walking for several hours once the effects of the
anethetic wearnoff. The speed of the treadmill was kept at
2;7»km/hour. During walking, the innervated muscles in the
fixed hind]imb contracted with'norma1 timing, as if the Timb
were frée to move.

In another group of cats, used for skin‘stimuiation,
the four limbs were left intact and a pair of silver plate electrodes
(6 mm diameter) was attached to the shaved skin of the central p]antar-
surface of the foot (intere]éctrode distance, 1 - 2 cm), or to

the central and peripheral lobes of the hindlimb pad.
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Finally, some premammillary cats had a néurajbcuff
implanted around the sciatic nérve and atkleast one other cuff
around the posterior tibial, common peroneal of sural nerve.
These cats needed no denervation Since the hindlimb cdntqining
the cuffs did nof;have to be fixed t6;a11ow the application of -

eléctrical stimuli.

B. Stimulation

Square pulses from a digitimer’and an_iso]ation unit were
used as stfmu11.~ Fbr stimuTation of the skin, 50 ; GOQ msec trains
“of 1 msec shocks were uéed, wnile thé nerve stimulétion‘was done
with 100 - 400 mséc trains of 0.05 msec orﬁQ.O] méec pulses. The
freqyency of pulses Qithin_eath trainuwa§ 60 H; except for af%ew
cases whefe 80 Hz :was used. The stimulus trains were.givéﬁ\%ﬁ,
regular {ntervals of 4 sec or_longer during the periods of‘wéﬂk{ﬁé;
fhé'interval was chosen such that the traih was not syhchronized
with a partfcu]ar timéf;}thin the step cycle, but fé]) esséntia]]y
at random within tﬁe.cyc1e. o A
v For the nérve:stimulation experiments a threshold deter—
mination of the stimulated nerve was done in the resting animal
prior to and following each bEriod~of walking. -Single cathodal
stimuli were abp]ied'to the nerve under study while the'resulting
compound actibn pOtential was recorded with thg electrodes on the
sciatic nerve. After threshold determination, the stimulus strength
was increased until a maximum first peak was recorded.

The electrodes jused for nerve stimulation in the fixed



ﬁind]imb consisted of a pair of‘pTatinum-iridium hobk electrodes
*with an adjustable ihteré]ectr&de.distance of 0 - 15 mm. These
electrodes were placed iﬁ a warm pahaffiﬁ pool made'in the knee
cavity of the fixed hindlimb. The cuff electrodes, on the other
ﬁand, were p]acéd in the freé hiﬁd]imb. They were described in
detail e]sewhere‘(étein et aZ.,'1?ZS, j976).
| Tﬁe following 1ist'gives an overview of the number§ and
types of stimulation experihenté used in this study. |
, .
- skin stimulation (aéute) (N=8)
- ngrvevsfimulaﬁ%on (acute) .
H\(i) hodk é]ectrodes .‘tibfal nerve (N=5)
. poéterior tibial nerve (N=3)
. common peroneal nerve (N=5)
. sural nérye (N=9)
. cutaneous,surae ]atera]is n. (N=3)
(i1) cuff electrodes .vpo'ster'ilor tibial nerve (N=3)
. .common péronea] nerve (N=1)
_ nerve stimulation (chronic) | |
| . posterior tibial nerve (N=2)
. common peroneal nerve (N=1)

. sural nervé’(N=1)

Under "tjbial nerve" is understood the tibial nerve at
the popliteal fossa, while "pésterior tibial nerve" refers to the

o

§Eme/nerv@'&f‘ﬁﬁéiiﬁkTé*ﬁt*a'pofnt’aistal tb.where the triceps surae
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nerve joins the tibial nerve. Most experiment§ were done with the ’
nerves cut either at the knee or at the ankle and no Systematic
study was made of the differences in effect with the nerves left

~ intact.
€. | Recording | |
~In the acuté éxperiments,vthe EMG activity of the aﬁk]e
'f1exoré and extensors was recorded bi]ateré]]j. A more precise
. identifica{ion of the<recordéd muscles was only possible in the
~fixed hindl1imb where usually the lateral gastrocnemius_(Gt), the
anterior tibial (TA) and sometimes the semimembranosus (SM) were
~se]ected. The e]ectrodés fdr each muscié consisted of a pair of
_copper’ﬁires,:insu]ated éxcept for the tip, and‘inserted‘wfthinv
1 cm from eéch other 1in the muscle. The EMG signals weré fed
through é preamplifier and displayed on a fourjthanne1'oscillbscope,
connected with a fdur—channe] M tape recorder.

In the chronic experiments on normal caés, the EMG of»tﬁé
triceps surae was recorded usﬁng the différentigl signal obtainéd
from an internal and extefna] lead of the cuff around the tibial or
sural nerve. No f]exéf_EMG was available but in some expefihents,
high speed cinematography (64’frames/sec) was used to verify that
pauses between bursts of extensor EMG correspdnded to f]ex{oﬁ move-
»ments during the stepping. Matching of EMG records and film frames
was ach{eved with the help of stimu]us}traihs thChAwere fed into
a digital voltmeter and recorded on tape.

In all experiments the data were written out on a poly- :



19

vy

graph (Grass, model 7D) end/or‘fi]med from the oscilloscope screen

during or after the course of the experiments,

D.  Data analysis
In the acute experiments, very stable walking could be
| obtained so that some deta could be analyzed by computer (Lab-8
'computer system, Digital EqUipment Co.). A program called "Loco"
was wr1tten by Dr. R B. Stein to allow the automatic measurement
of the duration of the EMG bursi. precedlng, durlng and fOIIOW1ng
an app11ed st1mu1us F1g. 2 illustrates an examp]e of the ana]og
readout of the data after they have been rectified and filtered.
The short horizontal excurs1ons ut the beg1nn1ng and ending of
each EMG burst 1nd1cate the po1nt at which a computer measurement
was taken of the ex1st1ng t1me d1fference w1tht1me "zero R ‘the
onset of the st1mu1us The critical ‘voltage Tevel at which a
measurement was taken was kept as standardized as possible, but
a sometimes adgustments had to be made when base]1ne 1rregu1ar1t1es
approached the cr1t1ca1 level too closely. A 7.8 msec bin width,
‘combined with delays around 20 - 25 msec due to the filter time
"conetant resulted in a delay of approximately 30 msec. ‘The
d1glta] printout of the data was compared w1th the or1g1na] records

to check for 1rregu1ar1t1es ar1s1ng from stimulus artefacts and

biological var1ab111ty. Furthe: Civa treatment of the
results, including a correction fo entioned 30 msec
delay, was done with the help aputer APL routines.

io2)
s

- The parameters were defined as

Vo
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Fig. 2.

' lsec

Analog readout of rectified ipsilateral flexor EMG
bursts (iF). Automatic time measurements are made
at the points indicated by the small horizontal
deflections occurring at the crossing of a preset
critical voltage level (dashed horizontal line).
The variability in the occurrence of the small
horizonta] deflections is due to the bin width of
7.8 msec. The figure represents an example of
prolongation of the burst of activity in the
pretibial flexors due to stimulation of the tibial
nerve at 2.5 x T at the beginning of the flexion .
phase." ‘ _

\
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Cy: The control étep cycle, preceding the step cycle
with stimulation. |
C,: The step cycle dufing which stimu]atfonbwas begun.
Step cyc]e is def1ned as the time between the onset
of two consecutive f]exor bursts
By: - The duration of the control EMG burst preceding the
| EMG burst contained in C,. | _ *
B,: The duration of the EMG burst within the step cyc]é
with sti?ulation (Co). ’f |
D : Delay be%weep'onset of step cycle C, and onset of
| stimu]us train.
The differehcé between the.duration of.the stimulated
steb cyc]e'(or the EMG burst within this cycle) and the precedfng
-contrd] step cycle (or EMG bu;st) was calculated, normalized with

N . | : . ‘ ﬂ‘\ ’
respect to the control cycle (or burst) and expressed as a

f

| percentage:

(C, - €,)100 © (B, - B;)100 -
' and ) .
Cy . By

S1m11ar1y, the stimulus delay (D) was expressed as a percentage of

D x 100 )
C )

“funct1on of the norma11zed D

C1:( The normalized differences. were then plotted as a
In the chronzc exper1ments on normal cats, there was of

course much ‘more var1ab1]1ty in the step cycle parameters since

these cats were not fixed in a frame over the treadmjlﬁ. Moreover{

stimulation often céusedfthe normal cat to stop walking, to turn



~ around, or to.change the rhythm‘pf stepping.so'that only short-term
changes in the 1ocomotory behav1or could be studied. Therefore,
the analysis on normal cats was 11m1ted to the effects produced on
the duration of the phase in which st1mu1at1on was app11ed To be.
able to make some kind of pred1ct1on about the duration which a
partlcular phase would have had if no stimulation had been
applied, only those stimulus tr1a1s were ana]yzed where the two
equ1va1ent phases preceding the stimulus app]1catlon‘g1d not
~ differ in duration by more than 60 msec (arbitrary criterion).
In the example of Fig. 3, the stimulus train was started in the
flexion phase (SF) of the_stimulated hindlimb and the trial was
accepted for ana]ysis/since the duration of the two preceding‘
flexion phases (PPF and PF) did not differ by more than 60 msec.
’Usua11y Tess than one—third of all trials passed the 66 msec
criterium. |
The duration of the phase in which stimu]ation was started

was compared to the duration of the preceding equivalent phase and
the d1fference was expressed as a percentage of this preceding
phase. The nonna11zed differences were then p]otted versus the
time at which st1mu1at1on was started w1th1n the part1cu1ar phase
(DF .or DE in F1g 3). This time was calculated as a percentage
“of the preceding equivalent phase (DF/PF % or DE/PE %). For
example, a stimulus started at a time when -the flexipn phase’wdu]d
be’expected’tb be terminated on the basis of. the duration of the
.,precedjng flexion phase would be a "100%" stimulus. Such "100%"

stimuli could rarely be analyzed because the stimulus artefact in
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Effect of stimulation of the posterior tibial nerve
(2 x T) on the burst of EMG activity in the ankle .
extensors of the normal walking cat. (R) Stimulation
during the pause between extensor EMG bursts causes
the next burst to be deTayed (SF > PF) due to extra
flexion of the Timb as seen from the filmed movements
of the pad. In (B) stimulation is applied during the

~extensor EMG burst causing the total duration of the

burst of extensor activity to be prolonged. Stimulus
artefact eliminated from integrated EMG tracé in A,

“while indicated by dashed line in B. Note the pick-

up of flexor activity during the flexion phase,

- expecially in A.’ Further explanation in text,
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1R
the EMG trace often made it impossible to decide the exact onset

of the following nhase.

2.3 Results
2.3.1 Skin stimlation

A,”‘ Plantar surface of tie fbot' : S

 Weak electrical st1mu]at1on of the p]antar surface of a

thalamic cat under’resttng C0nd1tjqnssevoked a small reflex
contraction of theﬂipsTTateraitriceps. Stimuli which were 10 - 20
times strongeroe]icited a ref]ex'f1exion of the who]e.1imh (f1exor
reflex). These two c1asses of stimuli, one prdducing an extensor,
vthe'other a flexor reflex,‘will from now- on be c1assified'as "weak"
and "sthong". ~The transitidn frbm.an extensor reflex to a Fflexor
ref]ex with increasing stimulus intensities has been described by
Sherr1ngton (1904) and Sherr]ngton and Sowton (1911) |

(1) The weak atunulz, a 300 msec train of 1 ms ec pu]ses
at 60 Hz, were then app11ed at.regu]ar 1nterva]s dur1ng the per1odsv
of snontaneeus walking. ~Since ne*attempt was made to synehhonfzeh'
all stimulusttrains with a particu1ar phase of the step cycie |
app11cat1on of the st1mu11 was essent1a11y at random within the )
step cycle '. , :é | h |

When the weak St1mu11 fe}l w1th1n the stance phase of the

1p511ateral h1nd11mb a marked effect on the 1ps11atera1 extensor_

“act1v1ty was observed (F1g 4y, Both amp11tude and durat1on of .

,:ithe 1ps11atera1 tr1ceps EMG burst were “increased.. There was -also

a de]ay in. the onset of the subsequeht act1v1ty in the 10511atera1

“flexors and the contra]atera] extensors Taken together these
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The increase in amplitude and duration of extensor
activity following stimulation of the central plantar
surface of the foot during the stance phase of a
‘premammillary cat walking on a treadmill. A short
train of six weak electrical shocks (St., 1 msec,
60 Hz) given immediately after the first extension
phase evokes a long and intense discharge in the

.“__ipsiiﬁtera1~ank1e extensors (iE). The prolonged

_extension is associated with a delay in the onset

of the next EMG burst of the ipsilateral pretibial
-{]eXors’(iF) and ‘the contralateral ankle extensors
{cE). . .
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f?exorsjand ﬁhevcontra1atera1-extensors. Taken together, these
changesAproduced a bilateral prolongation of thé step cycle,
&effnec as the Sum‘ofra flexor and an extensor EMG burst. The
'sitgafipn was quite different when weak stimuli were applied
during the swing phase. This is illustrated in Fig. 5, obtained
frbm another experiment. Fig. 5A shows how stimuli given at the
Beginning of the'ipsf?atera1 flexor aptivity proTonged the flexor
EMG burst while having no appreciable effect on extensor acthity.
Thus, the over-all éffett is again a pro]ongation of the step
cycle, but this time it is the longer flexor burst which is
responsibie for the step cycle proldngatéon. In between is the
situation with weak stimulation starting in the middle of the
cwing phase (Fig. 5B). The stimulus train, extending over the end
of the flexor and the beginning of the extensor burst, caused a ‘
c~olongation of the ipsilateral flexor activity while at the same

time reducing the duration and the amplitude of the ipsilateral

o~

s

extensor purst. The shortening of the extensor activity caused a
<hortering of tne step cycle. The three situations with stimu?étion
&t the beginning (Fig. BA), micdle (Fig. 585 and end (Fig. 5C) of
the step cycle are further “described in Fig. 3D. The duration of
£he step cycte during which stimulai:on was started was compared

o the duration of tha juét—péeceding step cycle and this difference
was plctted against the interval between the onset of the cycle and
tne onset of the stimulus train (seé Section f.é). Thus, data
points lying above ﬁhe horizontal zero axis indicate a proTongation

of the step cycle white the lower points indicate a shortening.



Fig. 5.

Step cycle changes evoked by electrical stimulation of
the central plantar foot at different moments of the
ipsilateral step cycle. Different cat from Fig. 4.

A.J

A train of shocks given at the onset of the ipsi-
lateral pretibial flexor activity (iF) prolongs

the flexor burst. The following ipsilateral

extensor burst (iE) is of normal duration but the
total step cycle duration (flexor + extensor burst) -
is prolonged. ' ’

The same stimuli given.at a later moment in the
step cycle slightly prolongs the ipsilateral
flexor burst and at the same time reduces the
jpsilateral extensor activity both in amplitude’
and duration. HNote the ##sulting shortening of
the step cycle. B v '

Stimulation of the plantar surface of the foot
during. the period of activity in the ipsilateral
triceps surae prolongs the ipsilateral extension
and delays the onset of the next flexion. The
result is a prolongation of the step cycle.

Scatter diagram illustrating the changes in the

step cy¢le duration for a large number of consecutive
sequences such as seen in A, B and C. The abscissa
represents the time of onset of stimulation within
the step cycle (D inyFig. 2). The ordinate gives the
difference in duration of the step cycle (C, - Cy in
Fig. 2). A1l data are expressed as a percentage of
the step tycle preceding stimulation (control cycle
C,). The dashed vertical line separates the period
of activity of the pretibial flexors (on the average
41% of the control cycles) from the period of activity
of the ankle extensors. HNotice the prolongation of
the step cycle when the stimulus train starts either
early in the phase of flexor activity or during the
period of extensor activity (see A and C). A
shortening of the step cycle is seen when stimulation
is started in the middle of the flexor activity (see
B). Stimulus parameters: square pulses of 1 msec,
60 Hz, in trains of 300 msec at intervals of 3 - 5
sec. The stimuli were subthreshold for the evocation
of a flexion reflex in the resting animal.
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On the average, the step cyc]eajust,precedfng the cycle with
‘stimulation had a duration of 787 msec (S.D. = 23 msec or 2.9%).
Flexor EMG activity accounted on the average for the first 41% of
this time (dotted dashed line in Fig. ?). The effects on ste§
cycle durdtion_described for Figs. SA, B and C are readily
'reéognized in ng. 5D. Step cycle pro]ongafions are noted when
stimulation starts either early in-the swing phase or in the
midd]e‘of the stance phase. A pulse train given in the middle of
the swing phase céuéed a shodtening of -the step cycle. Again, as
for Fig. 4, the 1engthening-of the ipsilateral steb cycles was
corre1ated with a 1engthen1ng of the- contra]atera] cycles. In
the stimulated 1imb there was a clear tendency for the pro1onged
or shortened step cycles to be followed respectively by a shorter
or longer step cycle, indicating a return to the contro] rafe of
sfepping.

f The strong stimulti 'produced,as mentioned above,

a flexor reftex in the,resting animal (Fig. 6A). Interestingly,
“however, the late flexor component of the flexor reflex often
formed the first event in a series of sfeps (Fig. 6B). This
suggests that these twd phenomena, the late flexor reflex component
and the locomotory f]exdr activity, have much in common and, in
fact, may arise from’the same spinal center (see Section 2. 1)
Fig. 6B also 111ustrates another common finding, d;melb

that the late f]exor reflex component was often preceded by a

small amount of triceps surae activity. This "concealed" extensor

- reflex (Creed et al. 1932) could, at tlmes when wa1k1ng was not
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Fig. 6.

Stimulation of the plantar surface of the foot evoking
a flexor reflex with an early and a late component in
the resting animal (A) and in the animal starting to
walk (B). Note similarity between the Tlate flexor
reflex component and the rhythmic flexor bursts. In
(B) a "concealed" extensor reflex is seen just after
termination of the stimulus train (St = 200 msec train

~of 0.5 msec pulses at 60 Hz). iE = ipsilateral

triceps surae; iF = ipsilateral prebitial flexors.
Large stimulus artefact yielded a DC shift in the iE
trace. ' . :



very forCer], become so gLominent as to comp]eteiy.over—shadow
the 1até flexor reflex component, which then failed to appear.
The "conversion" of a flexor reflex into an extensor spasm could
occas?onalTy occur in the resting animal, but was much. more

frequent in the walking animal, as was also observed by Lisin

et al. (1973).

B. Pacé
(1) Weak stimuli

Similar results were obtafnedehen the pad was s£imu1ated
instead of the plantar surface of_the'foot. \At rest, weak pulses
(60‘Hz) applied to_théAp1antar ;usgion forva period of 400 msec
»evoked a toe extensor reflex (Philippson, ]905;_Engberg,v1964)!
Slightly stronger stimuli evoked ankle extension; indicating «
_transition from the tde.exténsor reflex fo the extensor thrust
(Sherrington, 1910). Finally, very strong stimuli evoked a flexion
of the ipsilateral hindlimb (flexor reflex: .Sherrjngton, T91C).

| Weak stimu]i“weré"now app]ied;during.walking, producﬁng

much the same results as in the case of the plantar foot stimulation.
Stimu1;z}on starting during the period ofbactivity'of fhe‘ip$i1atera]
fleXors resu]ted in a shortening of the step cycle of up to 20% |
(Fig. 7A; C),‘whf1e stimulation stérting during the activity in the
ipsilateral extensors gave cycle prolongations of up to 30%
(Fig. 7B, Cj. The larger scatter in Fig. 7C is probably linked to
the more irregular wa]king duking'the_period anéﬂy;gd‘for Fig. 7C,

“as compared to the period used for Fig. 5. In fact, the variability:
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Fig. 7. -Effect of electrical stimulation of the pad at different
moments in the step cycle.

A.

Pad stimulation starting during the flexor burst
(iF) has an inhibitory effect on the amplitude and
duration of the activity of the ipsilateral tr1ceps
surae (iE). The shortening of ‘the step cycle is
due to the short extensor burst while the flexor
burst is unchanged. v

Stimulation of the pad during the ipsilateral
‘stance phase. The ipsilateral extensor activity
is pro]onged and the next flexor burst is de]ayed
caus1ng a prolongation of the step cyc1e

The changes in step cyc1e~durat1on observed in A
and B are plotted for a large sampie of consecutive
step cycles. Abscissa and ordinate as in Fig. 5D.
Stimulation starting in the period of flexor
activity causes a shortening of the step cycle
while stimuli applied during the extensor activity
prolong- the step cycle. Stimulus parameters are
.the same as for Fig. 5D but duration of pulse

train is 400 msec.
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Sherrington (1913) called “rebound"” and consequently this
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of the control cycles for Fig. 7C was much larger (S.D. = 51.7 msec

or 7.4%, averagé cycle duration = 702 msec).

(2) Strong stimull

A slight increase’in the stimulus Stfength caused a

‘weak flexor reflex in the resting animal. During'walkigg the

stimuli had much the same effect as before, ‘evoking flexor burst
pro]ongations (Fig. 8A) and extensor burst prolongations, butlin

addition a new phenomenon was observed. As illustrated in Fig. 88, 

. some bf the stimulus trains given during the flexion phase caused " ™~

a brief flexor burst'interruptiOn followed by a resumptionOf. the

flexor activity. A response of this type corresponds to(what

"will be used henceforth to designate a response which consists of

.a brief inhibition Of ongoing activity followed by an increased

“comeback of this activity. The flexor rebound activity was often

remarkably similar to the rhythmica]Ty occurring flexor ‘burst not
only with respect to its‘duratioﬁ but also with respect to its:

shape as characterized byba-gradua1 build-up of EMG activity.

2.3.2 Nerué stimulation

A, Hook electrodes

“In the previous section it was assumeg that:mostly

cUtangpus receptors would be stimulated by the electrical shocks.
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Pad stimulation

| sec

The effect of electrical stimujation of the pad on the
locomotory output of the intacﬁ hindlimb. Flexor

burst prolongation (A) or rebound (B) was associated
with prolongation, with (B) or without (A) interruption
of the contralateral extension phase. Note the short
duration of the flexion phase. Stimulus: 100 msec .
train of 1 msec pulses at 60 Hz. Symbols as in Fig. 4.
Figure retouched to reduce stimulus artefact.
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However, the possibility that underlying muscle was-also activated
* could not be excluded. vThereforebit was important to see if the
previoes results could be repeated by stimulating cutaneous nerves:
directly.  Nerve stimulation has the added advantage that a better
control can be'exertedlover the type ef affereets stimu}ated (since
the diameter of a nerve Fibey is‘invefsely'reiated to its)e1ectrica1
exc1tab1]1ty threshold). |

In order to be able to directly st1mu1ate nindlimb nerves
during Tocomotion, it was necessary.to fix the nindlimb containing
 the stimulated herveS'(see méfhods)‘. This manoeuver did not
prevent the rhythm1c act1vat1on of the f1exors and extensors in the
fixed hindlimb, but it 1ntroduced some changes in the locomotory
output. The burst of pretibial flexor activity which normally
takes up only about one-third of the step cycle durat1on nowi could
occupy more than 50% of the tota1 cycle duration.  This was mdinly
due to the ankle being fixed in an extended.position or to the
triceps surae being denervated, since proprioceptive jnbut’from
the ankle extensors plays an important roje ih the determination
of the duration of EMG burst in the pretibia] flexors (see next
chapter). The artificial prolongation of the flexor eUrstswas
ectua11ykmere of an advantege than a disadvantage since it allowed
for the demonstration of ceftain refiex effects which are very

hard to demonstrate with other techniques.
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(1) Sural nerve

(5)Y‘W2ak stimuZation

There are sevefa] reasons for starting with the study of
“the sural nerve, F%rst]y, the sural nerve is considered a pure
: cutaneOUS'nerve,vwhi]e.cutanéous afferents from the pad join mixed
hérves (tibial nErve).r Secondly, the sural nerve 1nnervatés the
:skin of the lateral part of the\p]éntar foot (Hunt and HcIntyre,
1960) and thi; makes a comparisbn possible with resuTts from the
first part of this study. Thirdly, With respectbto the extensor
reinforcihg ref]exés seen after skin‘éf%mu]atfon duriﬁg thé étahce
‘~¥~phase;Mﬁt'isﬂof'parficular interest that there exists -a well defined
pathway from the 1ow tihreshold sural nerve afferents to ankle ’
exteﬁsorbmotdneu}ons (LToyd, 1943; Wi]son, 1963) . Moreover, the
skin areas innervated by the sural nerve (lateral plantar surface
of the fooi, ankle, skin overlying the triceps surae) are likely
" to be activated dufing certain forms of locomotion suéh as walking
in a crouched position.

A At rest, weak tetanic sural nerve stimulation evoked a

reflex contraction of the ipsiiatera] iso]ated'triceps surae with
' a delay of 25 msec‘qr less. This is in agreement with previous work
By Hagbarth and Naess (1950}, who showed that there ié a facilitation
of the ankle exténsors after 30 msec of repetitive stimulation of the
sural nerve. To determine the tybe of afferent fiburs invq]ved in
this extenéor reflex, L7 dorsal root recordings were made in some
animals. The afferent vb]]ey,’evoked by threshold stimulation of

the sural nerve, reached the dorsal root with a latency of 2.5 -
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3 msec, indicating that fibers with a conduction ne1ocity of 73 -
88 m/sec were activated. SuCh fibers are amongst the largest found
‘in the sural nerve and they are presumably involved in the trans-
mission of information about touch and pressure (Hunt and McIntyre,
1960; Whitehorn et al., 1574). |
| Trains of weak stimuli were then applied during the
Aperiods of walking (Fig. 9). When given duringlthe'swing phase,
~ the stimuli tended to reduCe the amplitude and duration of the next
" extensor bdrst; cadsing a slight reduction in\eycie duration The
most striking effect, however, was seen when st1mu]at1on was
de11vered dur1ng tne per1od of extensor activity. The pulse train
both enhanced and prolonged the extensor activity and»eaused a
prolongation ef.the cycle. 'Sometimes'the pro]dngation was more
- marked tnan can be seen in Fig. 9, since several p01nts fell
completely beyaond Lhe scale of the ordinate of the graph. Such
examples are illustrated 1n»F1g 10. A-stimulus train g1ven near
the end of the stance phase pro]onged the step cycle for a]most 100%.
This appeared to be due to- deletion of one period of relaxation. ‘In
all cases where an 1p§11atera1 flexor EMG was obtained it was noted
‘that the flexor ectivity was completely sdppressed ddringfthe
~ prolonged step cycles. Moreover, omission of extensor relaxation
occurred simultaneously w1th a comp]ete (F1g 10A) or partial
(Fig. 10B) disappearance of the contra]atera] exiensor activity.
These effects did not depend on the tr1ceps surae nerve
being intact or not. Fig. 11B shows how st1mu]at1on of the sural

nerve at 2.5 x T increased‘the duratipn of-the step cyc}e when
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Sural. Nerve Stimulation
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Fig. 8. Influence of weak tetanic sural nerve stimulation on the
' rhythmic contractions of ipsilateral ankle extensors and.
flexors during locomotion. Coordinates as in Fig. 5.

- The ipsilateral hindlimb’'being fixed, the "step cycle"
duration is taken as the time between the anset of -
consecutive EMG bursts in the fixed pretibial flexors.
Sural nerve stimulation starting during the contraction
phase of the isolated triceps surae prolongs the
triceps surae contraction and thus also the step cycle.
Stimulation -at an earlier time in the step cycle tends
to shoa%en the step cycle. A 180 msec train of 1 msec
pulses was used at 60 Hz. In the inset éhls same
stimulus given. to a resting animal is shown to produce
a reflex contraction of the isolated triceps surae with

.a latency of 30 msec. An example of very pronounced
step cycle prolongation falling comp]ete]y beyond the
_scale of the ordinate of thlS graph is 111ustrated in
F1g 10B.



Fig.

10.

(.3

Repetitive stimulation of the sural nervé‘at the end

of the stance phase prevents the rhythmic relaxation.

of the ipsilateral triceps surae (iE). Concomitant
with the prolongation of the ipsilateral extensor
contraction there is a complete (A) or partial (B)
inhibition of the contralateral extensor EMG (cE).
For (A) a stimulus train of 280 msec (80 Hz) was
used. In (B) 60 Hz stimulation was given for

150 msec. The stimuli shown in.(A) and (B) evoked
an extensor reflex in the resting animal, (A) and
(B) are from different cats but (B) is from the same

‘cat as in Fig. 9. Force calibration is for the

third trace in (B), showing the force exerted by the
ipsilateral triceps surae (iE).
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applied during the extension phase of é cat with the‘triceps.surae
nerve cut. The effecté‘bn the duration of the flexor burst are
f?lustrated in Fig. 11A. .Cleérly, the 2.5 x 7 stimuli caused a
.shortening of the actiyity-in the pretibial flexors. HoweQer, long
' trains (300 mseé) were ﬁeeded to demonstrate the flexor burst
‘jnﬁibitory effects and even then exceptions were notea since .
stimu]étion sfarting at the very beginning of the f]ekor burst
failed to Shoften the duration of the flexor activity and, in fact,
prolonged it at times (Fig. 11A). The flexor burst prolonging
~effects fdr‘stimu1i~starting in thegbeginning of the flexion phase
were even more pronounced Wheh shofter trains of stimuli (100 msec)

'

were used.

(b) Stﬁong stimulation

When describing the results of strong stirulation of the
plantar surface of the foot it was suggested that the late flexor
reflex cthonent_and the Tocomotory flexor burst may arise from
activity in a common center; tentatively called flexor ”ha1f—cénter“
(Brown, 1914). If the latter suggestion is correct then it should
be of interest to see what happens when this common flexor half-center
is activated from different sourceé at the same time. Such a
situation can be created 7 eyoking a flexor reflex during locomotion.
Locomotion provides a natural source of activatfon of the flexor
- half-center .while periodic stimulation of the sural nerve with strong
stimuli (75 x T) evokes a ffexor reflex, hence providing & second

ut artificial) way of activating the flexor half-cénter.
(but artificial) way of act ting the f! half t

-
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2 Ny v Y
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Theoretically one could expect two types(of effects on the
1ocomotory.rhythm when combining artificial and natural wayvs of
activating the flexor half-center. If the fieXor nalf-center fbrmed
merely an output étage of the stepping oscji]ator, present in each
limb {see Chapter 1), then its artificial aﬁtivation should not have
much effect on the'1ocomot0fy rhytim. On the other hand, if the
flexor ha]f;center is ciose]y couplied or identical to tﬁé rhyfhm
generating structure in each limb, then one would expect thatAthe
artificial activation of the flexor half-center would lead to a
rﬁsetting of the rhythm in case such activation wou1d not éoincide

with the natural rﬁythmic activation during locomotion.

To elicit a flexor reflex the sural nerve had to be

stimulated by 7.5 x T. Figqg. ]Z'il]ustfates how stimulation at 10

times this value (75 x.T) affected the locomotory rhythm. Application
of the stimul: during the occurrence of the ipsilateral burst Qf
activity in the pretibial flexors prolonged the activity in iﬁesgﬁ~

S
;.9

flexors so drastically as to cause a partial or total disapﬁé g )

“of tl+ pause between Lwo rhythmic flexor bursts (Fig. 12A). D%ten\
this mace it diffi¢u1£ to decide whether one was dealing with one
-or two step cycles. Therefore, the effects of stimulation on the
Tocomotory rhythm could better be judged byvexamining the contra-
lateral side, where there was no ambiguity about the occurrence of
'_a 3Lep‘cyc}e since the stimuli only”céused a mild redu;tion of tHe
amplitude and/or duration of the triceps surae activitv. Effects of
stimulation on the contralateral step cycle duration, measured as

the time between the onset of consecutive extensor bursts, were

LY

R
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Fig. 12. ‘ine effect of sural nerve stimulation at 7. 5 x T on the
stepping vi, chm. A: Example of stimulus trial. Stimulus
delay (iD or cD) indicates time between onset of ipsilateral
flexor burst (iF) or contralateral extensor burst (cE) and
the onset of stimulus train (100 msec train of 0.05 msec
pulses at 60 Hz). Bars on top of iF indicate expected
occurrences of flexor bursts, while "resetting index"
indicates difference between expected and actual onset
of flexor bursts. B, C and B: Plots of resetting index
for contralateral and ipsilaterc! step cycles. SD =
variability of control cycie durations. St = duration of
stimulus train expressed as a per cent of average control
cycle. Further description in text.



U RT TAE  W H e raeppan
St Wt bl »*""‘m"m’¢ A VT I T MR, SR TR LN e s i

44

/

limited to two step cycles: the step cycle during which stimulation
was applied (first cycle or "d" in Fig. ]2) and the next cycle
(second cycle, ending at the end of "a"). The duration of the third
cycle (start1ng at the end of "e") differed on the average 1éss than
0.2% from the control duration ("c"). The induced changeé in the
duration of the first contralateral cycle were highly dependent on
the time of stimulus application within the %tep cycle (stimulus
delay, cD). As shown in Fig 128, most stimuli caused a shortening
of the first cycle w1th respect to the contro] (" “), but stimulus
trains started at the beginning or at about 40% of the cycle y1e|ded
much 1ess shorten1ng while stimuli given at the end of the cycle
actually caused a.cycle prolongation. The effect on the second cycle
was mostly a shortening effect so that a plot of the changes produced
in the total duration of the first and second cycle ("e") showed an
even greater tendency ih the direction of shortening than the plot.
of the first cycle (Fig. 12D versus Fig. 12B). Since stimulation
did not affeéﬁ\fhe duration of cycles following the second cycle, it

follows that plots of the changes in the tote1 duration of the first
3 or 4 cycles would essentially be identical to Fig. 12D except for
larger scatter due to increased vafiabi]ity. For this reasoe, and
also because Fig. 12D compares the total duration of the first and
second cycle with the expected duration of these two cycles
(prediction based on taking twice the duration Qf the step cycle
preceding stimulation), one ean read Fig. 12D as a plot of the
resetting of the contraiateral rhythm. .

'L‘

Ips11atera11y, the onset of the burst of activity in the
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pretibial f]exors was t]osely correlated with the onsét of the>,
contralateral extensor activity. This made it.possib]e to estimate
which was the end of the second ipsilateral cycle cbrrespohdiég
with the end of the second contra]atera] cycle in cases where such
decision was difficult to make $o1e1y on the basis of ipsilateral
records (Fig..IZA). The plot of the changes in the total duration
of the estimated first two ipsiTatera]’cyc]es ("b") versus the
time of stimulus app]icatibn ("10")fwas very similar to the
correSpo&ding contralateral plot (Figs. 12C and D) indicafing a
strong coupling between 5psi— and contralateral rhythms. Mihimum
reséttfng effecésAwere obéefved when the flexor reflex was evoked

Just prior to or at the beginning of the ipsilateral flexion

" phase.

(2) 7ibial nerve

(@) Weak stimulation (up to 2.5 x T)

Low intensity stimulation of the tibial nefve at the knee
(proximéI‘to the.triceps surae nerve junction) produced a prolongation
of the ex%énsor burst if the stimuli were applied durjng the |
extension phase. If applied at the end of the flexion phase the
same stimuli induC?d an early termination of thé flexor EMG burst
and a premature onset of the.extéhsor burst, which had a prolonged
duration (Fig.'TBA).‘ The silencing of the EMG of the ipsilateral
pretibial flexors occurred with a short latency of 35 - 60 msec,
making'involveménf of supraspinal loops possible. The premature

onset of the extensor activity was observed for both the semimembranosus



Fig.

13.

1

Changes in duration of the burst of activity in the
pretibial flexors due t0.2.5 x T stimulation of the:
tibial nerve at different times in the step cycle.

Polygraph example in A illustrates how a stimulus

train (horizontal bar = 200 msec, 12 pulses of

©0.05 msec at 60 Hz) given in the middle of the

flexion phase causes-the flexor burst to end earlier
than expected and-the extensor burst to start pre-

- maturely. iF = ipsilateral pretibial flexors; iE =

" ipsilateral semimembranosus; cE = contralateral -

triceps surae. ~The activity in AE during the flexion
phase is due to pick-up of electrical signals from
the nearby semitendinosus. -The tibial nerve was cut
p(oximal.to,the point where.the triceps surae nerve
joins the tibial nerve. However, the results were
identical if recordings were made of the triceps

surae instead of the semimembranosus in experiments

where: the tibial nerve was cutsat the ankle, leaving

the. innervation of the triceps surae intact. In B

a ]argé number of trials such as seen in A were
‘plotted according to the time of stimulus application

in the step cycle (x axis represents the time between
the beginning of the step cycle and the onset of
stimulation). The durations of the flexor bursts are
<een to be shortened (lower half of plot) for stimuli
given during the last part of the flexion phase °
(arrow "A" represents the example given at the top.
of the figure). The variability of the flexor burst
durations can be evaluated from the data points on
the right side of the plot ("extension"):since these
points represent the durations of the flexor burst in
step cycles where the stimulation was given aftér the
occurrence of the flexor burst. In addition, a
measure of the variability is given by the two _
horizontal dotted lines which are 1 SD removed from
the zero horizontal <line (SD calculated from flexor
burst durations in step cycies without any stimu-
lation). The bar marked "St" represents the duration
of the stimulus trains .as a percentage of the average
control step cycle. Average duration of flexion
phase = 618 msec or 52% of the duration of the
control step cycle (= 1179 msec).
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and the’triceps surae. The Iatterrobservation seems rather surprising
.stnce, to our know]edge, there are no reports of reflex activation of
the semimembranosus by activation of tibial nerve.afferents. However,
© it should be\kept in mind that our'knowledge of reflex connections L
is largely réstricted by the use of‘immobile aninals.' The walking
“cat differé from these immobile preparations in that'during Tocomotion
"the limb acts as a who]e and thus one can expect that reflex actions
may be much more: w1de5pread s0 as to 1nvo]ve the activation of
part:cu]ar.sp1na} coordinating centers-(‘half—centers , Graham Brown,
1914).

The suppression ot the'f1exor EMG was, however, restricted
“to stimulf.given‘after;the'first QUarter of the f]exion phase.
Stimuiatﬁon applied during the'first quarter of the flexion phase
yielded abprolongatjon'ofvthe f1exor,burst:1nstead (Fig. 25 Fig. 133
upper data ooints$~' | |

The timing. of the breakpoint between evoked f]exor burst
pro]ongat1ons and shorten1ngs depended on the stimulus strength For
weaker st1mu11 (] 6 x T) shortening of the flexor burst on]y occurred
in the period following the first 32% of the step cycle, compared
with 15% when the stimulus s&rength was 2.5 x T. The lowest
threshold encountered for flexor burst shortening was 1.17 x T
(5 cats). .

The pro]okgeq‘or shortened flexor bursts were followed by
shortened or 1engthened*extensor bursts respectively (Fig. 14A). As
a result, the duration of the step cycles showed.re1ative1y small

changes as compared to the large changes in the flexor burst duration
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Same cat and same sequence as Fig: 13, but analyzed
for changes in duration of the ipsilateral extension
(iE) and of the step cycle. Notice that stimuli
applied during the flexion phase have either a
shortening or prolonging effect on the following
extensor burst. Stimulus same as in Fig. 13.
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(Fig. 14B versus Fig. 13B). Nevertheless, -there was a tendéncy for
step cycle prolongations with stimuli given in the‘beginning of the
flexion ﬁhase and for step cycle shortenings with stimuli gfven in
the middle of the f1ex10n;phase. As expected from aforementioned
results on pad.stimU]ation, a prolongation of the step éyc]e was
hoticed»for tibial nerve stimuli given during the extgnsion phase
(Fig. 14B). On the contrélatera1 s%de a shortening of the extensor
burst occurred in conjunctioh with a shortening of the ipSi]atera]
flexor burst (Fig. 13A).
Sinée theft1b1a1 nerve contains fferents from the pad,
~one can ask whether the flexor burst rebound, observed dfter pad
st{mu1ation dufingvthe flexion phase (Fig. 8B) could a]sd be seen
éftér ti;ia] nerve stimulation. Fig. 15A shows that this was indeed
othé case. In the experiments of Fig. 15A the flexor burst rebound
did not always occur when stimuli at.2.3 x T were applied at about
the same time in other step cycles.  Instead the‘stimU11‘cou1d evoke
a premature endfng of the f]éxor burst and an early onset of extensor
activity as described in Fig. 13A. However, no responses were
obserQed representing -a transition between the flexor burst rebound
response and the flexor burst shortening response This strond]y'
- suggests that the mechan]sm under1y1nq the generation of the f1rst
part of the f]exor‘burst operates in an all-or-none fashion.
| The question arises whether the flexor burst prolongations
observéd with tibial nerve stimuiétion at the beginning of the flexor
| burst (Fig. 2) are fundamentally different from the flexor burst |

" rebound described in Fig. 15A. . Rebound usually arises in a

/
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Fig. 15. Rebound of flexor (A) and extensor (B) activity due

- to stimulation of the tibial nerve during the flexion
(A) or extension (B) phase. iF = pretibial flexors;
1E = ipsilateral triceps surae; cE = contralateral
triceps surae. Note the characteristic built-up
shape of the normal and rebound flexor burst while
the rebound burst of activity in the triceps surae
'does not resemble the normal extensor burst. -
‘Stimulation: 100 msec train of six stimuli, each
0.05 msec, at 60 Hz. Tibial nerve cut at ankle,
teaving triceps surae innervation intact. Ankle
fixed in extended position.



contract1nq muscle after an 1nh1b1tory stimulus has caused some
initial relaxation. However, Brown (1911) and Sherr1ngton (1913)

have both described examples of flexor 'rebound” occurring in the

absence of flexor relaxation during the stimulus app]ieation. The
_presently Hbserved flexor burst prolongations may be the result of
a similar type of "rebound" with concealed inhibition but the question

then arises whether one can still use the term "febound” in this

respect (sec :lefinition on page 33):

(b) Sv‘:rong) stimulation (3.5. x T)

Ri:bound phenomena were not limited to flexors and to '
stimulation during the flexion phese but were also observed in the
triceps surae when the tibial nerve was stimu]atedlduring the
extension period (Fig. 15B). However,:the triceps surae rebound
differed from the rebound in the pretibiaT flexors in that much
higher stimulus iotehsities (3.5 x T) were needed for the triceps
surae febound; ‘In contrast to the flexor burst rebound which caused
the tota] duration of the.f1ex0r burst.to be prolonged the triceps'
surae rebound was corre]ated w1th a shorten1ng of the total duration
of the extensor burst C]ear ev1dence for rebound Was on]y obtalned
for the trwceps surae and not for the semlmembranosus. o

The flnd1ng of tr1ceps surae burst rehound suggested that

at 3. 5 x T afferents were recru1ted which were 1nh1b1tory to the

extensor burst'gen' at1ng system. - Further support for the ex1stencef

of such 1nhibitdry£t6nnections"came.from the observation that

stimuli at 3 5 x T g1ven dur]ng*the flexion phase caused the coming

extensor burst to be shorter or. to disappear a]together This
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reduction in extensor activity was associated with an increase in
flexor activity. Hence, as illustrated in Fig. 16A (bo}tom),
stimulation at 3.3 x T at the end of the flexion phase cdused the
space between two flexor bursts to be occupied by refiex f}mkcr
activity, replacing the absent extensor burst and creating aﬁ
abnormally Tong following f1ex6r burst. This type of prolonged
flexor burst was first seen for 3.3 x T stimu]i‘giQen at the

breakpoint bétween evoked flexor burst pro]ongationé and evoked

: ’
: : g /
Further increases in stimulus strength accentuated the

flexor burst shorteﬁings (Fig. 16B). e

tendency towards suppression of the extensor burst and prolongatiocn
of the flexor burst until a point was reached where long sustained

flexor responses completely interrupted the Tocomoto:ry oUtput.

(3) Posterior tibial nerve

. By stimulating the tibial nerve a¥-the knee one cannot

rule out that muscle afferents from the trié'ps surae contributed to
» the obseryed effe;ts. Therefore, the posterior tibial nerve at the
ankle was stimulated under the same'éonditions to see if any
différencés in results could be detected. | . |

* Stimulation of the pOSfer{d?,tdbial nerve (2 x T) y%elded —
a réf}ex activation of the ipsiiatera]'trjceps:surae with.a latency
vof 31 - 57 msec, resulting'ih a premature onset of the triceps surae
activity when the stimuli were given at the end of the flexion phase.

Rebound was seen, both in the’ pret1b1a1 flexors: and in the tr1ceps

surae (the semimembranosus was not recorded from in these exper1ments).
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1t thus seems -that the effects obtained with tibial nerve

srimuletion ot che knee are lergely due to tne activation of

zfferents already present in the posterior tibial nerve before the
) = 2 )
juncti ‘the triceps surae nerves.

(4) Common peroneal nerve

Although the common peroneal nerve probéb]y contains
afferents producing an extensor reflex (see section on chronic
cats in this chapter); it was clear that most of the fibers in this
~erve had flexor burst prolonging and extensor burst Shortening
effects when stimulated in the fixed hindTimb during Tocomotion.
In the exam o given in Fig. 17A, stimulation of the common peroneal

ct 7.7 x T at the end of the fiexion phase is seen to inhibit

completely the following burst of activity in the semimembranosus.

Coinci—ing with the absence of an extensor burst, & reduction in the

~elaxation periad between flesor bursts is seen which induces the

yprecsion that the flexor burst following stimulation occurs ot an
.

zariier time than expected. This response wes identical to the

resoonse deccribed in Fig, 16/, (bottom) for tibial nerve stimulation

fiexor burst prolonging and extensor burst shortening

(v

st 3.3 x 7. Th

“wffects of common peroneal stimulation are further illustrated for

trigls in Fig. (7B t.ten from an

a large nunber of stimu. ai

A ; .

sxperinent “n which the extensor burst suppression was less dramatic

than in the example of Fig. 1/A. Shortening of the duration of the
extensor ourst resulted from stimulation during or before the

sytens ion phase.  In contrast, stimulation during or before the

IS



Figure i?a

Effect of stimulation of the common peroneal nerve at
1.7 x T on the step cycte. In A stimulation was given
a- the end of the flexion phase, resulting.in a
complete suppression of the following EMG burst in the
ritensors (iE = ipsilateral semimembranosus). The
absence of ar extensor~burst led to the premature
onset of the next flexor burst (iF = ipsilateral
pretihijal flexors), while stepping at the contralateral
side was not affected (cE = contralateral triceps
surae). In B, taken from another experiment with

less drastic extensor burst suppressing effects, the
stimulation of the common peroneal nerve (1.7 x T)

‘is shown to result in changes in the duration of the
“flexor and extensor bursts (iF, iE), depending on the
time of stimulus application. The-effects on the

flexor burst were examined for stimuli given before
or during the flexor burst while the effects on the

"extensor burst were studied for stimuli given before

or during the extensor burst. The "1 SD" line above
the zero horizontal Tine is for the flexor bursts,
while the "1 SD" line below is for the extensor
bursts. St = 100 msec train of 0.05 msec pulses

at 60 Hz.
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flexion phase caused a flexor burst prolongation. Despite the pro-
nounced changes in burst dﬁration, there was on1y‘min1ma? disturbance
of the locomotory rhythm. - Prolongations of the flexor burst due to
stimulation during the flexion phase were linked to shbrtening of

' thg"fo11owing extension phase. Similarly, shortening of the

éxtensor burst due to stimulation dur{ng the extension phése'was
finked}to prolongation of the coming‘f1@xor burst. 1In either case,
a change in aufation in one phase was partly compensated for by an

opposite change in the duration of the next phaée and the result was

that the stepping rhytha was minimally perturbed.

(5) cutaneous surde lateralis nerve

This sha]] cutaneous nerve'perforates the biceps muscic
before innervating the lateral side of the knee. Tts electrical
stimulation during Tocomotion y1e1ded results which were quite
similar to‘the resu]ts‘described for the common peroneal nerve.
Stimulation (4.4 X T) before'of d:iring the extension-phase shortened’
the duration of the extensor burst (Fig. 18A) while stimuTation
_ app?iéd before (Fig. 18B) or during (Fig. 18C) the flexion: phase
proionged the duration of the flexor burst. These changes were
correlated with a shortening of the step cycle, especially when
stimufi were given neaf the transitioh from f]exipn to extension

(Fig. 18D).
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Effect of stimulation of the cutaneous surae lateralis
nerve on the duration of the extensor and flexor

bursts during Tocomotion.

In (B) the changes in the

duration of the flexor burst following stimulation
were plotted while (C) shows the changes in the
duraticn of the flexor burst during the step cycle

in which stimulation was started.
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(6) Flexibility in the structure‘of‘the step cyele

The results on weak 5timu1ation of tne plantar surfacn of
the foot, the pad and the nerves innervating this aree in the pre-
mammi]]ary'cat indicate that.the Tocomotory system tends to keep the
stepping rhythm constant despite Targe flexibility in the durations
of the different phases of the sfep cycle. Evoked prolongations in
one phase could occur ét the expense of the duration of anothef
phase without necessarily 1nterféring with the duratfon of thé total
~step cycle. This flexibility was further highlighted by some
occasional observations of spontaneous disappearances of extensor
bursts in the fixed hindlimb in animals which showed weak stepping
of the rightlhind1imb and which had the left tibial nerve cut.
Typically the absent extensor burst was followed by.a flexor burst
which Qas on the average 39% longer than the control flexor bUrst‘
(N=18; Fig. 19A, B).' The~broTonged flexor burst was preceded by a
shorter.f1exor silence, in asso;iation.w?th the absent extensor burst.
- When the prolonged flexor burst duration was added to the duration
of the short silent phase, the resulting "step cycle" differed only
2% from ghe preceding‘COntrol "step cycle", indicating that the

td

absence of the extensor burst nad very 1ittle effect on the Toco-

H :
motory rhythm.'\ﬂote that here the term "step cycle” exceptionally
refers to a flexor relaxation and'contraction, where previously "step

cycle" indicated > flexor burst plus the following extensor Lurst.

B. Cuff electrodes

The hook electrodes pave the disadvantage that the nindlimb
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has to be fixed, which introduces some deformatiohs of the normai
Tocomotory output. Ideally one should apply gradcd'e1ectr1Cdi
stimu]i‘direct1y fo the nerves of a limb which can move freely
during 1ocomotioh. Such experiments have become possible since
the development of electrode cuffs which can be implanted acutely:

or chronically around different nerves.(Stein et al., 1975).

(1)  Acute experiments

Only three of the four premamm:llary cats vith implanted
cuffs wa]ked sufficiént1y well to produce consistent results and
nor.e walked well enough to allow much quantitative data treatment.
Two cats had a cuff around the posterior tibial nerve (Jjust above
the ankle).  The neural activity recorded from the intact nerve
showed a very characteristic short burst of acfivity each time the
pad touched the treadmilT belt at the beginning bf the stance phase
(Fic ?0A). The sharp onset of this burst made it ideal as a marking
point for the onset of the stance phase. Typically, activity in the
ankle extensorsxétar%ed scme 60 - 80 msec prior to the burst of
'neural activity at'foot contact (Fig. 20A). This is in agreément-
with Engberg and Lundberg (1969); wﬁo showed that in the normal
-wa]king cat, extehsér<activity starts‘éhortly © “ore placing the
foot on the ground. | )

The effects of short periods of tibial nerve stimulation
on the 1ocomot0r&foutput_depended on the timing and intensity 6f.the

stimuli. Stimuli at 1.3 x T scmetimes were sufficient to induce

changes in the motor pattern but usually stimuli at 2 x T were needed.
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Stimulation of the posterior tibial nerve in a
walking premammillary cat. Stimulation during the
flexion phase either prolonged (A) or shortened (B)
the flexion phase, while stimuli applied during the
extension .phase yielded a prolongation of the
extension phase (C). St = stimulus (six pulses of
0.05 msec at 60 Hz); iE = ipsilateral triceps
surae; iF = ipsilateral pretibial flexors;

PT = posterior tibial neural activity. Arrows:
time between onset of flexor activity and neural

PT burst corresponding to foot contact.

Fig. 20.
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Fig. 20 i1lustrates the changes which could occur when the posterior
tibial nerve was stimulated at 2 x T at different tipes of the step
cycle. |

| Stimu]ation during the flexion phase (corresponding to £he
occurrence of a flexor burst) either pr@&onged’or>shortened the
duration between the onset of flexion and the onset of extension (or
onéef of neural burst corresponding to foot contact).» In the case
of pro]qngation (Fig. 20A) the flexor activity was temporarily
suppréssed after a period of 40 - 50 msec tollowing the onset of phe
-stimulus train but flexor activity reappeared after the 9prression.
In the case of.shortening (Fig. 20B) the flexor burst was not
necessarily affected but extensor activity appeared sooner thah’
éxpected on the basis of following or preceding step cycles. For
ten subéequent trials of stimulation during the flexjon phase (from
the experiment of Fig. 200y, nine,showéﬁ a shortening and one a
'proiongation of the du?ﬁtion between onset of flexion and onset of
extensién (average .shortening = -15%; é.D. = 11). Vhen given during
the extension phase (corresponding to the burst of activity in the
ankle extensors), the st&mu1j often produced no effect at all but
occasionally a prolongation of the exténsion phase occurred (Fig.
20C). It is noteworthy that the 2 x T stimulation clearly inhibited
periodic f]exor'spasms, occurring when the quality of 1oc§n
deteriorated. At rest, the stimuli could evoke a flexor revlex.

In general, the changes in locomotory output were much

less prominent than in fhe stimulation experiments with fixed hindlimb,

presumably because in the latter experiments there was less competition.
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- of affereﬁt input from different sources due to the ﬁmmobi]ization.
Nevertheless, the results obtained with cuff electrodes on the‘
posterior tibial nerve scem to\confirm, in genera]; the results
obtained with hook electrodes (previous>section). However, in the
cuff exéeriments no clear breakpoint was found so far between evoked
flexor burst prolongations and evoked flexor burst shortenings.

In one cat a cuff was implanted around thg‘com%on peroneal
nerve. OnTy strong shocks were applied, causing'a flexor refiex
during the . ods of walking. This led to a drasfié reduction
in the duration of the contralateral flexor burst which was
shortened to 48% of its normal value (average of 50 trials). Once
the ipsilateral withdrawa]breflex was terminated, the duration of

- the contralateral flexor burst returned to normal.

(2) Chronic experiments

(@) posterior tibial nerve

Two normal cats had a cuff installed around the_poste%ior
tibial nerve above the ankle but below the junction of the triceps
surae nerves. Nhen‘Stimuiatéd during Tocomotion both cats showed
the same type’ of reaction but most daté were collected on one cat,
representéd in . 3 and 21. |

Stimulation of the posterior tibial nerve at 1.4 x T
during the flexion phase c&used the onset of the activity in the
ankle extensors to be de]aygd, especially when stimuli were applied

at the end of the flexion phase (Fig. 21 1eft). This extension

delaying effect was much more pronounced when the stimulus strength
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| during the extension phase were very dependent on the\stimu]ug
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was raised to 2 x T (Fig. 71, «yht). Since no flexor EMG was
available the flexion phase was defined as the pause between two
consecutive bursts of activity in the ankle extensors. To check if

the prolonged flexion phase really corresponded to increased periods

“of flexion during the swing phase, high speed cinematography was

used to vefify tna movements of the foot following stimulation. As
shown ip Fig. 3, che distance between the treadmill belt and the
nost distal point of the Timb increased by about 100% following
stimulation of the posterior tibial nerve at” the end of‘the‘flexion
phase; There is thus no doubt that the prolongation of the f]exion
phase corresponded with ap additional flexion movement of the
stimulated hindlimb. |

The effects of stimulation of the posteriop tibial nerve
.l
strength. At 1.4 x T there was ‘a tendency for the extension phase

to be prolonged by the stimulation. At 2 x T there were two types

of reactions following stimulation: either there was an immediate ;
| - i

placing of the contralateral hindlimb followed by a flexion of the
stimulated hindlimb (causing the ipsilateral extension phase to be
shortened) or else:the stimulated hindlimb "sagged" for a short time

after which extension resumed (causing)the total duration of the

“extension period to be pro]onged- Fig. 3, bottom). The occurrence

of the latter response was probably re]ated to the contralateral

h1nd11mb not being ready to take up the support of the an1ma1 but

g i not enough f11med mater1a1 was available to prove th1s po1nt On

the other hand, the filmed data clearly showed that the stimulation
\ g B



can induce a drastic shootening of the cortralateral flexion mo
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dramatic increase in the amplitude of the extensor EMG bursts at
least when <timuli were applied during the extensipn phase (Fig. 23B).
if the changes in the duration of thé flexion and extension
phases were plotoed versus the time of stimuius applization, 2 piot
as secen in Fig. 24 was obtained. Stimulation during the flexion
phage tended to shorten the duration of the flexion phase, while
stimulation during the extension phase generally shortened the .
extension phase when given at the beginning of the extension phase
(probably corre]éted with the first éxtension phasé) but prolonged

the extension phase when given near the middle of the extension phase.

Due to the stimulus artefact it was not possible to examine the effects

of stimulus trains started in'the last parf of the extension phase.

(C) Common peroneal nerve

‘Ih‘one normal cat the cut common peroneal nerve was stimu-
lated with 1.1 x T at rest and duriﬁg Tocomotion. The EMG of the
ahk]e extensors, recorded.from outside the cuff around the sural

nerve, showed a reflex activation in the resting animal (Fig. 20, fop).
This reflex activation was much more conspicuous when iite stimulation
was applied duéfng the stance phase (Fig. 2%, midd1e; The increased
amplitude of tie EMC burst from the ankle esiensors during the

nsio: phase was sometimes correlated with a shoriening of the

exu

]

extensor burst but sometimes é pro1ongat?0n'occurred.

In addition, stimulatici of the cit common peroneal at
1.1 x T duringithe citension phese evoied at times & “caction similar
to what Sherrington (1906) described as {he "shake reflex" (Eig. 25,

A
{
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Lottom). Before~iitiating the swing phase the 1imbvwasrshakqg,q'few

times as if to shake some imaginary water from its foot.

2.4 Dlusoion
2.4.1 The citensor veflex and the emtension phase

Elcctfica11y stimU]ating‘the pad or the plantar surtace of
the foot of a resting prémammi]]ary cat o u}es a reflex contraction ofa,
the 1psj1atera1 ankle extensors, while Lhe sane stfmdli applied
during the hindlimb stance phase of.a'wd]king cat prolong the ongoing
stance by extcndﬁng the period of extensor activity and de]aying the
foit~+ ng flexion. ~These obéc?vatéons support the idea that extensor
ref?-xes elicited from ‘ihe skin of the distal limb indeed participate
in iocomotion (see. introduction). The’@ciﬁcns from the pad and
rlantar +ide of the foot during the stance are essentially twofold:
" firstly, there it n_'increése in the intensity of‘the onaoing
ieXtension;_secondEy, thére is a delay 1n the"onset of the fle.or
rctivity. Both actions seem particularly useful for an énima? walking
over an unpredictable surface. An unexpected extra loading of the
hindlimb during the - tince phase wiil provide ex.. a 'ﬁnn‘r‘,)n of

the cutaneous receptors of the pad or the prantar surfauz of The

foot, and this in turn will lead to a reflex]y'evogéd incrzs
exten;or activity, countéracting the Toad. Furthermore, tne presence
of extra stimulation to the pad or the piantar suri o o the foot
witl delay the‘momént at wnich the foot is 1ifted from the ground
(swing).

The results obtained with stim&1ation of the pad and



plaptar surfa. e of the foot could be -duplicated in premammillary cats
using electrical stimulation of the nerves innervating these skin
arcas (Table 1). In addition, the nerve stimulating ekperiments
ind.ovooo P poEhe extensor coflexes in the restirg and walking
anime! are cratically related to the ac&iQation of the larger
afferents within these nerves.\ Strong conncctions from low threshold
sura” nerve afferents to triéeps alpha {Hagbarth, 1952; Wilson, 1903;
Buf&e et al., 1973) and gamma mmotoneurons (Eldred and Hagbarth, 1954;
Hunt imd Paintal, 1958; Barrios et al., 1969) are known to exist.
{loreover, monosynaptic ankle. extensor reflexes are facilitated by
vol]ey“ in the sural nerve (Bernhard, .1947). Howevei, the latter
fac111tat1on of tr’reps surae reflexes is not esspnt1al in the
explanation of the present results since cutting the nerve 1o the
triceps surae did not pveVent the prolongatian'of the step cycis and
the delay of the next flexor bursf when the sural nerve was stimulated
with 2.5 x T (hook ~‘ectrodes).

-

In the normal cat with 1mp1anted cuff electrudes it was

found thet 1owAth%eshoid st%mu1ation of the “ral (1.2 x T) and
3osterior-ti51ai herve (1.4 v T increased she amplitude and/or
duration of the ENMG aptivity in the enkle extensors during the stance.
In adcition, howevef it was noted'that the same eff?ct could be
obteined with Tow thforno1d timuiation of thé common ﬁeronea? nerve
(1.1 x T}, which |n~1cates that even Tlarge afferents from the dorsum

of the foot may provide-radditional exten oy excitation during the

stance, This is consistent with the ;‘su1fs OT FoerbPrq et aZ

‘

2

(13/ }, who founn that st1mu1at1on of the dorgum of the foot during
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the stance phase 1hcrcased the amplitude of the extension in chronic
spiha] cats.

The . that extension promoting effects were obtained
from Many dit “nerves in the adult cat is probably a rcmmant
of the strong anu sidespread cutaneous extensor veficxes of the
immature kitten. According to Ckholm (1967), the source of the most
' effective excitation of extensor motoneurons shif' vostnatally from
cutaneous extepr.ceptors to muscle proprfoceptors, 2 change Which

) ) e : .
coincides with the develoﬁﬁgnt‘of the gamma motor systm. It might
then be expected that &etaneous reflexes have evolved to occupy

- . . _\"‘:‘ . - .
functions in parallel with preprioceptive reflexes, sppearing at a

N

later stage. In the adult animal éxtensor reflexes are -indeed
readily evoked by stimu]atihgvmu5c1e nerves as well as Cutaneos
nerves (Sherrington and Sowton, 1911). A close parallelism in the
actipns from exteroceptors and nroprioceptors is Tikely to.expWain
vy so Tittle defiéit was seen in the experiments viith denervation

or anesthesia Qf the skin of the foot (Sherrington, "210:; Engberg,

1964) . -

2.4.2  Reflex modulation of trz [lexion phase

When the same stimuli which eveked an increcse o the
amplitude and/or duration of the exte: -+ ctivity during the stance
were applied during the swing phase, s of results were

obtained (Table 1): either the flexion phase was shortened or else

it was pro]ongéd.
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(A) Shortening of the flewion phuse

In the acute premammillary cat with fixed hind]imb, Tow
ine sty stimulation of the tibial or sural nerve at the end.of the
Flisdion phiase was seen Lo rtduco.thc duration of the ongoing burst
of activity in the pretibial flexors while at the same time.inducing
a premature onset of the EMG burst in ankle and hip extensors
(trjceps éurae and semimembranosus; Fig. 13). This observation
could havdly haQe been predicted on the bgsis of reflex pathways
unveiled by experiments on inmobile animals. Hamstring muscles in
anesthetized cats receive reflex excitation by low ihﬁensity‘stimu—
Tation of thé nerves to ankle and toe cxtensors (Eccles ¢# 1.,
1957 but are no® known to reoccive excioatory connections from

i ral nerve afferents. It tous seems that there may be

fundamenta’ 4
walking and iﬁmobi]e“ahima]s. Presumably this is due to ref ey
connections with spinal coordinating centers whicﬁ are activzted
during locomotion but inactive 1h the immobile animal,‘ Centers o
tiis type have been termed;“haifacente;” by Graham Brown (1914).

Or ginally the term "nalf-center" was used someiimes tc desianaic
i } A N

motoneuronal pools, but when the term was reintroduced by Jankewska
et al. (19€7b) it was used i~ the sense of mutually inhibitory inter-
neuronal networks intercalated setdeen primary afferentsiand moto-

neurons. In keeping with JankoWska's use of the‘term> "Flexor Half-
Center”‘(FHC) and "Extensor ial-Center" (EHC) will be used here to

designate two mutually inhibitory < ups of iniorneurons responsible

for the generation of rhythmic bursts of activ. i, i~ flexor and
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‘extensor muscles respectively. St far then,»thé present results can
be explained if Targe cutaneous “ferents in the sural, tibial and.
peroneal nerves make inhibitor;  .iections with the FHC and
cxcitatory connections with the EHC, since such connections can
account for the pro?ongatidn of the‘extension phase when stimuli are
given during the stance and for the shortening of the flexion phase
when stimuli are given at the end of flexion.

The question rc ma1ns why the flexor burst shortening for
stimuli given during the flexion phase was 5o much more obyvious -in
the expériments with fixed hindlimb. As aiready pointed out in the
"results" .cclion, the answer is related to the fact that fixing the
hindlimb increased the relative duration of the flexor burst within
tha step cyc'- Secondly, the situation with fixed hfnd1ﬁmb is a
Ssmpl1f1ed swuuat1on in thau there is a drastic reduct1on in the
total amount of afferent Input due to the fixation. Ngverthele
1t seéms that large cutanéous afferents may also inhibit the FHC
in animals with freely moving limbs since a shortenjngwgf the flexion
phase was found in normal cnr0n1c cats with a cuff implanted

aroynd the sural nerve.  On the other hand, the chronic experimer:s

O

With‘a cuff around the po  ~=rior tibial nerve never yiglded a
shortening of the flexion phase for stimuli applied during fleiion
(Table 1). It has td be kept in mind, howevér, that some large
aTferents may have been damaged prefeantia]1y due to mechanicd?

\ l

block in the chron1ca1|y 1mp1anted cuffs (Stein ez alc,,l 976G).

ter gxper‘ments ch

i

Moreover, the CUtL1ng of these nerves 1n the la

also have -contributed to Lé zd SS.4
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a decrease in the conduction velocity after depervation (Stein,
personal communication). One must he coulions, therefo;e, in
comparing ihe thrésho]ds of the nei ces 1 the norma1iand}acute
andmal, amd it is quite possib?e o the 7.4 T and 2 ch
stimulation in the pormal cat » @ fvaiod a lof more sma]]“afferénts
than stimufation‘with the saie 2+ eters }n the acute cét;

What then'is the f1u(" nal significance of the shorteniro
of tie f]exion_phase by act’ on of large cutaneou5‘éfferenﬁs?
If the féot touches the grQund'ear]ier than expectéd duringajhgﬂ,//r//'
swing phase, then it’is of importance for the animal to 1nit1até
immediate extension so that the limb can take up the support of the
animal as fast as possible. Perhaps this also explains why large

cutaneous afferents mainly excite the large fast triceps surae

motoneurons instead of the slow ones (Burke et ;Z{Q 1970).

(B) Prolongaiion oj‘%he Flexion phase

=In§tead 7f shortening the f?cxion phase after unexpectedly
touching an bbject, the animal may iﬁstead exagqgerate ifs fleion
sc as to overcome the object (Forssberg et al., 1975). The rasult
cou]d-be a prolongation of the flexion phase, and thiz ¢ indeed
observed ar many Occaéions in thebpresent experiments Table 1).
C7 special interéSt weré the observations on premammillary cacs with
fixed hindlimb since there the f}eﬁor bufst'pro1ongations were
limited to weak/étimu!i applied at the ..sinning o%mgge flexion phase
: R : ‘

while the same stimuii applied 71-tar in the flexion phase producad

a flexor burst shortening. forecver, it was fourd in the latter
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1

experiments and in the cexperiments with pad stimulation as weld
that a flexor burst rebound could be cvoked instead of a flexor

urst protongation. The two phenomena inay thus be related and

s nce the presence ofwrrbound is indicative of inhibition, one should
not use the finding of flexor burst prolongation as LV]dPHCO that
only éxcitatory actions are exerted onto the;structure reSponsib]e
for the geheﬁation of flexor bu}sts (FHC). Indeed, inhibitdry
influences may not a]ways_be apparént and rebound may occur .even
without any sign.of innibition (Bfown -1917a; Sherrington, 19]3).

Fhe results on f]err burst pro]ongatlon may thus be compai1b1e wich
the previously méntioned hypoﬁ%gsis thqt large cutanecous «fferents
make . inhibitory tonnect?onsﬁwiﬁh the FHC and excitatory connections
with the EHC. -

It ic of interest that the present resultsjon hyperfiexion
- M - /’ L
due to sti nuiat1on of the tibial nerve 1t the. end off;he flexion

prias2 1in norﬁa1 cats agrce pavL1cu]ar?v well with Lwe au;ervatwon

[t

made by Forssberg et ai. (1??3} on chronic spinal cats. In the
. ’ . |
iziter study it was found that electrical st mwlstion of tihc dorS?m

of the foot during the swing phase cesults fin a brisk f1exieaf;7/

UGthe knee and ankle (and to some axtent the lig}; Hence, both‘7€JMQ
swinal and normal cat.the motor program of the flexion nhase Vég‘be

a’tercd by an édditional evoked flexion.movement of the  of& Trwb.

In the spina? cat, this ex tra flexion movemant ceasinot ;egészizhzy

change the totel duration of the swin. shase. o

In summary, prolongations o7 the Tlexion phase mey “oo v 2ither

~y

with cutaneous stimulation at the very beginning (Figs. 5 and 13} or
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R
. at the very end_of the ﬁ]exﬁonipﬁasé_(Figfyéﬁ)x The praolongations
at the beginniﬂé of %he‘fleXion'bhase wefé obtainéd'mainTy with weak
(k é%;;;eous stimuli and can be underatood functionally as an 'over¥
‘ stepp1ng reaction of an animal touching an obgect in the ear]y
course of the sw1ng phase\ Termination of the qw1ng phase at‘an
early stage is probab]y verym31ff1cu1t if not impessible, in view
of the r1g1d central programming of the ear]y per1od of the su1ng B
phqse (Or]ovsky and Sh1k 1965). e
On the other hand the pro1ongat1on of the flexion phase for

st1mu11 appTigd ‘at the end of flexion (F1g 21) is Tikeiy to be more

re]ated to the w1thdrawa1 ref]ex The touiilyg of harm]ess unexpected

e1evat10ns of the ground may lead to g/sho tening of the flexion
phase (§ee d1scus510n above), but if a 3a1n e11cmt1ng obgect is
toqched then the bést regct1on for the an1ma1 is to.delay the p1acing
of the foot. .The fdea that these late pro]ongatioqs of the f}exidh
phase are related to a withdrawai reflex was 5ubstantiated‘ﬁn the
normal cat by the fact that the same stimuli applied during the
stancé also produced a f]exidn_ref[ex leading to the'“sagging" of

the animal. 'é

V/ .
2.4.3 The flemor reflex and Locomotion

In the acute experiments with fixed hindlimb it was found

that the :extensor burst prolonging and the fYexor burst shortening

effects due to low intensity stimilation of the tibial or sural nerve
were gradually replaced by extensor burst -shortening and flexor burst
pro1onging,effécts'wh8h the stimu]us}inténsifyfwas'increased. High

3
\

. -
R
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k]
antens1ty st1mu1at1on of these nerves pro]onged the duratlon of the
f]exor burst 1f app11ed before or dur1ng the flex10n phase wh11e
stimulation before or dur1ng the extens1on phase y1e1ded extensor ¥
burst’ shorten1ngs (Table 1). Afferents hav1ng these effects on
flexor and extensor bursts were actua]]y found: in all nerves
examined and their presence was eSpecxaﬂ1y prom1nentl1n‘the common
Qeronealﬂnerve. It is therefore 1ike]yvt@at these fibers belong to
the soica11ed “FRA" group. Since activation of these'afferents
leads to contractions 1n a]] flexors and re1axat1ons in al]
extensors, 1t is 11!e]y that these FRA afferents make exc1tatory
conneCtions with the FHC and 1nh1b1tory connectwons with the hHC.w

So far, only the actions of tR& FRA 55 individua1 step
cyc]es have been discussed without ment1on1ng the effects on- the
overall ]ocomo@%ry rhythm. The effects on the rhythm have been
examined hy applying strong stwmull (75 x T) to the sura] nerve during\ 
1otomgtion.- It was found that such stimuli cae%ed a bilateral .
reSettihg of the steppipg rhythm exceht if givem just prior to the
onset,of the ipsilateral flexion phase. The»absenceiof resetting '
effects at the end of the.extensien phase may.be explained in two )
‘ ways . First, the rhythm generat1ng system may be c1osed to FRA
1nput at the end of extension, and, second]y, the rhythm generat1ng
system may be open to FRA input at all times but its funct1on1ng
may be d1srupted only if FRA input arrives at an inappropriate time
of the cycle. The observat1on that stimuli app11ed at the end of
| the exten51qn phase may still prolong the f0110w1ng flexor burst by

at 1east 20% argues aga1nst the hypothes1s that FRA act1v1ty is



sohehow "gated" centrally. It should be noted that the step cycle

contains a second period during which stimulation has minimal

resetting effect. S1nce th1s second perxod precedes the onset of

£

ipsi]atera] exteﬁs1on and contra?ateraT flex10n, it is posslble that

in this case the m1n\ma1 resetting is the result of excitatory

o

connect1ons w1th the 1ps11atera EHC and the contra]atera] FHC.

C

2 4.4 Model of central connections of“large cutaneous af}ercnts (Figw

From the prev1ous qlscusswon it.is ev1dent that large

cutaneous afferents from the sural and tibial nerve have central

* connections which must differ from those of small cutaneous afferents.

Ngverthe]eés, both lérge,and small cutaﬁeous afferents are sti1T
classified as FRA because ofyobservations made on the immobile
spinal cat (Holmqvist and Lundberg, 1961) "in which the pathway from
Targebcutaneous'afferenté to F}exor motoneuréns is open. However,
this path is inhibited,ﬁn wa]kiqg animals where the excitatory

path to extensdfs and ghe inhibitory path to f]exors.aréjmuch more{

important. It thus seems very misleading to c]assify'the large

cutaneous afferents and the sma11 afferents as a s1ng1e functional

unit.

Let us now consider the "a]ternat1ve" pathways from large

cUtaneous afferents to f1exor and extensor motoneurons in relatwon

A

" to 1ocomot10n (Ho]mqv1st and Lundberg, ]961) One such pathway,

‘ca11ed "fast" pathway, excites flexor motoneurons wh11e at the same

time inhibiting monosynaptic reflexes to extensor motoneurons. This

iy
P et

ity
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Fig. 26. -Diagram illustrating sbme central. connections made by

large cutaneous afferents in the tibial and sural
nerves. Furf_.,her‘ exp]anat_i;jn in text. :
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| fast pathway is characteristica11y-inhibited by\maneouvers which
induce 1ocomotion such as 1ntravenous 1n3ect1on of DOPA (Andén,

1966 Jankowska et al. 1967a) or C10n1d1ne (Gr111ner, 1973b) in

ythe sp1na1 cat or stmmu]atlon of the MLR” 1n the mesencepha]1c cat
(Gr]]]ner and Sh1k 1973) , Sura1 nerve st1mu1at1on under these
conditions gives rise to long 1atency and long 1ast1ng f]exor d1s-
cHarges which typically appear after term1nat1on of" the st1mu1us
trainy 1rrespect1ve of the duration of this tra1n 'Since the 1atter:
'behav1or is very typ1ca1 for rebound as 1t was a1so observed 1n the
present exper1ments, 1t seems reasonable to assume that these late-
‘flexor d1scharges arise 1n a structure s1m11ar or 1dent1ca1 to the
FHC. ‘ . o
‘. o If one accepts this‘assumption, then the present data and

" the data on 1ate'f1exor-discharges can be,expla{ned'on the.basis of

-a diagram such as dépipted‘invFig; 26. A tast pathway to flexor
motoneurons is'inhibited by.a centra]_cmmnand’re1ated to 1ocomotory;
behavior (DOPA C1onidine bra?hsteﬂ_stimu1ation, soontaneous) As

a result, act1v1ty in large cutaneous afferents now fo]]ows ma1n1y

the exc1tatory pathway to the EHC, which strongly 1nh1b1ts the FHC.
Abrupt term1nat1on of the FHC 1nh1b1t1on induces rebound 1n the FHC,
vresu1t1ng in long late fTexor d1scharges or flexor burst rebound
‘Acoording to this hypothes1s, late flexor discharges wou1d_be expected

' to be preceded by a-period ot extensorvactjvtty, as was'indeed‘observed
by Jankowska etyolt (1967a). kHowever,‘it is pgssible that the FHC |
inhibition is direct rather than'through the EHC and this particular .

aspect of the diagram awaits confirmation from eiperiments'showing

P
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. &
that the EHC excitation precedes the FHC 1nh1b1t1on Nhether oh not
the FHC inhibition is direct or 1nd1rect one can at 1east exc1ude
the possibility that the slow path by passes: the FHC or EHC since
) such a by pass to extensor motoneurons would fa11 to exp1a1n the
_observation that st1mu1ation of 1arge cutaneous afferents durwng the
exten51on phase not only prolongs the extenswon phase but also delays
the onset of. the fo11ow1ng flexor burst “which is unchanged in
durat1on | ‘ | 5
| The d1fferent pathways from the 1arge cutaneous afferents
-are undeh suprasp1na1 conthoI, St1mu1at1onaof the red nuc]eus was
shown to excite predominantly fast twiteh units in the triceps
surae, presumably through acttvatiOn’of the same interneurons that
,lthanSmit epcttation from Tow threshold cutaneous atferents to these
motor un1ts (Ba]d1ssera et al., 1971 Burke et al., 1970). On the .
.other hand,, - stimu]at1on "of the dorsal qet1culosp1na1 system is known\——\\\\
to be very effectwve in suppressing short-latency FRA pathways )
(Engberg et aZ 1968) Since neurons in both the rubrosp1na1 and
ret1culosp1na1 system reach thewr peak act1v1ty at the transition |
from ‘flexion to extenswon dur1ng the swing phase (Or]ovsky, 1970,
1972; Wetzel and Stuart 1976), it seems. likely that activity in
these suprasp1na1lneurons may have contr1buted to the flexor- extensor
' trans1t1on effects observed in our exper1ments with Tow intensity.
sural and t1b1a1 nerve stimulation. L - u

One of the 1mp]1cat1ons of Fig. 26 is that the rest1ng

an1ma1 may have both’ pathways in use at the same time. Such 1nter-~v

pretation wou]d eipjiin the f1nd1ng of an early and a late component
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of the flexor reflex as well -as the qbservation that an extensor

reflex lies concealed under the flexor reflex. Functionally, a model

such as shown in Fjg. 25 is very meaningful. Fast flexor reflexes

evoked from large cutancous afferents may ba useful for the protection

Siks

of the resting animal, but they seem inappropriate in the na]king .
animai’where they wou]dbéeverely-disrupt the ongding motor aCtivity;

On the other hand, it would séem of crucial importance fqr the |
wa]ktng animal to be able to terminate'flexion and initiaté extension
as fast-as possible if foot contact is made at tne&énd of the flexion

phase in walking..

2;4.5. The central programming of theifleior burst; similarities
with the fespiratory system S _ o : Ci,
- The demonstration 1n premamm1]]ary cats that the initial

part of the flexor burst is much more resistant to 1nh1b1tory input

,;indicates that this initial part‘is quite strictly centra]]y

programmed. - A simi1ar situation js found in the respiratory‘system

where the 1n1t1a] part of the inspiratory burst of act1v1ty is more
?

resistant to 1nh1b1tory input from various sources. E]ectr1ca1

shocks applied to the vagus nerve (Boyd and Maaske, 1939), the

: super1or 1aryngea] nerve (Larrabee and Hodes, 1948). the medu11a

(Burns and’ Salmo1ragh1, 1960) or “to part of. the nucleus para-
brachialis (Cohen, 1971) cou]d e1ther br1ng the act1v1ty of
d1aphragmat1c units to an abrupt end or else cause a pro]ongat1on'
or rebound of tnis activity. In.para11e1 with the present.
findings; tnese effectg;venebdepéndent on timing and'intenéity‘,v

\



of the applied shocks. Sﬁronger.shocks were needed to stop inspiration
when applied at earlier t{mes within the ihspiratory phase, but a
'comp1ete inhibition was never seen,

In this‘éontext, it is noteworthy that the locomotory
flexor burst‘was similar not only to the inépifatory.burst of
activiﬁy in fhe ph}enic néfVe but also to thg after—discﬁarqe of
the flexor reflex which is easier to inhibit at later parts of its
time course (Liddell andlsherrington, 1925). Further similarities
between thewf]ékof'bdrst and.the‘inspifatéry burst concern their

common sHXpa {gradual build-up) %ﬂﬁw%heir standard duration under
SOVNCY. 2 : K

i
PR A

3 o g - .
normal circumstances (Cohen, 197¢¢ Er¥bvsky and Shik, 1965).



CHAPTER 3. THE ROLE OF MUSCLE ‘AFFERENTS IN LOCOMOTION l
3.1 Introduction
It is generally accepted that feedback from muscle afferents
must p}ay an important role invwa]king, ajthough there is some dis-
~agreement about the usefu]eess of proprioeeptive reflexes. at higher
speeds of Iocemotion (Grillner, 1973a; Nieho]s and Houk, 1976). Thek
main source of'musc1e‘afferent activity dukihg wa1kihg of mesencephalic
cats seems to arise from the. musc1es while they are contract1ng (a-vy
coact1vat1on, Sever1n et al., 1967). The way. th1s afferent act1v1ty
is used by the nervous system remains largely an open quest1on,
a]though Lundberg (1969),has made some speculations based on his
findings on reflex connectiohs made by muscle afferents in ~
immobi]ized cats. | |
< In th1s chapter exper1ments will be descr1bed in which
the funct1on of receptors of the extensor muscles w111 be 1nVest1gated
ﬁfdur1ng locomot1on In particular, the quest1on will be asked whether
'extensor musc1e afferents fulfill a s1m11ar functxon as described for
the large cutaneeﬁg afferents from the distal h1nd11mb name]y the
“control of the initiation of the flexion phase. Extensor musc]e
afferents share with ped'afferent; the ebility to signal to the
cehtra1vnervou§ éystem whéther a limb is ﬁufficienfly un1oadeq at -
the end of the eXtensioa pﬁesé to be flexed without'endangeking the
'stabi1ity of the‘walking animal. eConsequent]y, one would expect that
tHe 0nset~of the f]ex{on'bhaée %ould be'pkevéhted or delayed if the

extensor muscles were additional1y loaded duriné the extension phase.

90
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To achieve this experimentally, receptors hithin the triceps surac
- were activated by strétching the muscle or by inducing a contraction:
(vehtra] root stiwu]ation or triceps surae tibration). In other
cases the nerves tc the triceps surae weré stimulated tetanica y.w
The effects of these manoeuvers on the t1m1ng and occurrence pf the

bursts of activdty in the pret1b1a1 f]exors were exam1ned

.3;2 Methoas' o
Experiments were cone.on.premammi11ary cat;, 26 of which,
showed periodc of 'spontaneous walking. The pfeparation_of.these o
'an1ma1s has been described 1n the prev1ous chapter Again‘ the left-
Hindlimb was partially denervated to allow the fixing of the hind-
“ limb- to a frame on the treadm111 7
To achieye nat#al st1muTht1on of musc]e receptors, the
' Dtriceps surpe of -the f1xed h1nd11mb_was freedras much as possible
) and-its téndch wcc at%é/zcd to a force transducer by.meanc of"h -
jthread through a cut part of the calcaneus bone. The forcé transducer
was connected in ser1es either with a manually controlled lever |
’ system (10 cats) or a commercial v1bra§or wh1ch'aTlowed for constant
periods of v1brat1on w1th adJustable amp11tude (5 cats) ‘In cther
experiments. (N=5) a 1am1neétomy was performed wh1ch a110ued for
electr1ca1 st1mu1at1on of ventral root filaments or for record1ng from
' dorsa1 root filaments. In 3 cats the four hindlimbs were Teft free
but an adaustab]e meta] clamp was attached to the left ankle with a

screw through the t1b1a and a pressure clamp around the deafferented

fpot. A bo]t 1n a sem1c1rcu1ar s]1t a]]o/cd the ank]e to be’ f1xed
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at any desired angle.
Nerve stimulation was done in the premammillary cat with
fixed hindlimb (N=8) or in the normal cat with implanted cuff (N=1)

using. the same techniques as described in the previous chapter.

3.3 Results
3.3.1 Dorsal root recording ,
While reCorging frnm single dorsal rgot fi]aments in
| wa]king‘mesencephaTic cats, Severin et al. (i967) found that spindie
afferents in extensor.musc1e$ fire mainly during the extension phase.
In a few premammillary cats‘we were able to substantiate
their eonclueions. Fig. 27 shows activity in a singie fi]ament from
dorsaT root L7. Activity in this filament 1ncreased when the ankle
was f]exed pass1ve1y When the tr?eeps surae was made to contract
"~ by’ st1mu1at1ng the muscle through two. implanted wire e]ectrodes the
‘ afferent activity stopped temporar11y for 40 - 50 msec (Fig. 27A).
| On'this basis the afferent was identifﬁed as a triceps surae
'Lsnindie afferent. ' During locomotion the activity in this afferent
'f1h\\¥was c]ear]y correlated with the per1ods of act1v1ty of the
‘ tr1ceps surae (F1g 278). In agreement w1th the results of Severin
et al. (1967), the onset of the sp1nd1e afferent act1v1ty followed
the onset of the EMG act1v1ty and pers1sted usua11y for a short
period after the cessation of ‘the ‘extensor EMG burst.
It thus seems that in 1ocomot1on the pr1nc1p1e of alpha—
gamma coact1vat1on holds for the premamm111ary cat as well as for

the mesencepha11c cat
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Fig. 27.

-in the same unit at the transition from standing to

Activity in ankle extensor spindle afferent at rest

and during walking. (A) Identification of single
unit in dorsal root (D.R.) filament (L7) by eliciting

a contraction in the ankle extensors (iE): (B) Activity

-

walking. Premammillary cat.



‘the effects of stretch of extensor muscles on the 1ocomotor ou

triceps surae was used. _ ¢

94

3.3.2 Natural stimulation

(R) All-ot-none disappearance of flexor buiff’\n

(V) 7Triceps surae stretch | /

<The proposal that proprioceptive input z4em extensor
muscles controls the functioning of the Tocomotor “Q§ci11ator” of
a single ]1mb arose from an observation nade early 1nethe course

of the present experiments.. It was noticed that restr 1nt of one

hindlimb of a wa]kin§ tha]am1c‘cat or holding the ankle in a

flexed posjfion abolished the stepping movements of thatﬂﬁﬁgd]1mb

previded these manoeuvers were carried out during the stﬂnce
phase (Fig. 28).-‘Thi§ finding can be explained by assuﬂing that
the resistance to extension prevents the shortening of fhe extensor

muscles, thus eliciting from these muscles a large-amodnt of

afferent ectivity which inhibits the "oscillator" of the restrained

hind1imb. - 7 | . “

‘To test the latter hypothesis it was_necessary to design

experiments‘in which it would be possible to eva]uate lectively

Twe types of experiments were done. In the first type of exper1ment

a gradually increasing stretch was applied to the'triceps ‘surae

while in the second type of’expehiment a constant stret&h of the

o

!

(5)- Graded stretch
As shown in_Fig. 29, the 1ncreased stretch of the trideps

surae in the Teft- f1xec h1nd11mb resulted in agradua] increase j
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“Fig. 28. Blocking of .locomotory rhythm by stopping the
hindlimb in extension. Preventing full extension
inhibits the rhythmicity in the ipsilateral left
hindlimb (L), while stepping continues at the
right side (R). In contrast, preventing the hind-

Y 1imb to fully flex does not abolished the ipsi-
/ Tateral rhythm.



" Fig. 29. - Inhibition of rhythmic motor activity by stretch of
the triceps surae of a walking premammillary cat.
The increased stretch reduced the duration of the
rhythmic flexor burst (a) until the burst disappeared
altogether in an all-or-none fashion (b). iE =

e ipsilateral triceps surae force (top) and EMG

4 (second trace); if = ipsilateral pretibial flexors;
cE = contralateral triceps surae. Note that there
is a pause in the extensor activity despite the
disappearance of the flexor burst (b). "b" from
the same cat as "a" but filmed with Jower gain
of the iE EMG channel. Force calibration = 6.5 kg.

96
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in amplitude and duration of the rhythm1c bursts of activity in the
stretched muscles until a tonic contraction rep]aced the rhythm1c
~bursts. In contrast, the durat1on of the EMG bursts in the pre—
tibial flexors was gradually reddced until a critiCa]_ddration»was
reached and the flexor burst disappeared altogether. The flexor
burst disappearance’a]waysboccdrred in a discontinuous “"all-or-none”
fashion, a]thoughbthe critical burst duratidn at which the dijs-
appearance occurred varied from experiment to exper1ment, as did
.the force required to block the rhythm. Most frequently the

rhythmicity stopped when the increaséd force in the stretched

\.'.(
'.".,f /

muscles reached a 1eve]‘hf 1.5.to 4 kg. These forcefﬁhre within

the physiological range for the tr1ceps surae, accord1ng to Grillner
(1973). However, in cats show1ng very powerful walking, the force
requ1red to stop the rhythm could go as high as 8 kg. On the

contralateral side s@%pp1ng continued desp1te the b]ocklng of the

ipsilateral rhythm j\\\

(b) I-somevt.ric etretch

A possible objection to the previous data is that the
stretch of the triceps surae may have caused a blocking of the
| locomotory rhythm only in the musc]es at the ankle.  Also, the
abnormal restraint of the h1nd11mb may have had some influence on
the observed effects. To answer this criticism, 3 cats had a
specia] device attached to the left ank]e, allowing the ank]e to be
‘clamped at diﬁferent angles without interfering with the movements

am

at the-other joints (see methods). With the clamp loose, movements



at the ankle were normal (Fig. 30A) buf fiking the ankle at an

angle less than 90° resulted in prom1nent changes in the structure

of the step cycle. At an angle of 55° theuipsi]atera1 triceps surae
_contractions took up a mugﬁ larger peréentage of the step cycle than
befoge. In cohtrast, the bursts of activity in the pretibial flexors
wére much shorter “or oécasiona]hy disappeared altogether in an
a]]-of—ndhe fashion. Again, the disappearénce‘of the flexor burst
could occur without the elimination of an EMG silence in‘the
exfensors. C]ampiﬁg the ankle angle at eveh sma]]ef»angles (40°,
Fig. 30B) compiete]y abolished all rhythmic actiVity‘not only at

the fixed ankle but also at the other joints gf;the same 1imb. The
whole left hind]imb was hyperextended (hip éng]es close to 150°) , |
and a strohg tonic contraction developed in all extensors. The
three other limbs continued stepping. The‘thfesho1ds for these.
.‘effects showed cons1derab1e inter- and intra-animal varwab111ty

Thus, for the 3 cats a cemp]ete block of the ipsilateral hindlimb
rhythm1c1ty was obta1ned at angles of 45°, 75°;and 70°frespect1ve1y-
During normal 1ocomot1on such ankle angles afe'rarely used except in
situations where the animal is forced“to crouch (Goslow et al.,
1973). . Nevertheless, these experiments demohstrate that (a) the
:rhythmicfty ina single 1im§ can be b]oéked without stoppind the
.walking of-the three other limbs, and (B) an allfor-none‘diéappeafance///
of the rhythmic fiexor burst;cah be elicited by tonic activation of

- afferents from the triceps surae (the foot being deafferented).
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"Fig. 30.

The inhibition of ipsilateral hind1limb rhythmicity
due to clamping of the left ankle in a flexed position.
(a) = clamp loose; (b) = clamp fixed at 70°. Observe

-the hyperextension of the non-stepping 1limb with the

clamped ankle (b top). Foot in clamp was denervated.

iE, iF and cE as in previous figure.
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B. Triceps surae contractwns evoked by ventral root
stunulatwn or triceps surge vibration
| Muscle receptors can be activated in auaatura] Way’not

only by muscle;stretch but a]sq by evoking contraetions in the
muscles centafning these receptors. For this pnrpose,_a laminectomy
was performedlin,3 partia11y denervated‘cats and the distal part of
a section of ventral root L7.was periedical]y stimu]ated with a
train of supramaximal stimuli. - As shown in Fig. 31A, the‘stimu1i
gfven during the extension phase‘caused'a contractton of the ipsi;
lateral triceps surae and this contraction wae.superimposedion the
- ongoing contraétion, 1eading to the tdmp1ete‘suppressi0nyof the
burst of activity in the pret1b1a1 flexors. The tining of the"
stimulus application was of major 1mpd#tance to e11c1t this
suppress1on effect since st1mu1at1on started ear11er in the f]exor
burst was ineffective. The suppress1on happened in.an e]]-or-none"
fashion and there- was no‘gradna19transition from a complete to a
: part1a1 suppress1on of the flexor burst. |

Another phys1o1og1ca1 way to obtain a muscle contract1on
is by e]1c1t1ng a TVR (Ton1c V1bratory Ref]ex) In5 cats, br1efd
periods of vibration (100x— 400 msec) at 64 Hz were app11ed to the
1sometr1ca11y held left tr1ceps surae whlch, as a result contracted
-ref1ex1y. The per1ods of v1brat1on were then repeated when the
animais'were walking. As seen in Fig. 31B, vibration app11ed in- the.
extens1on phase cou]d Tead to the all- -or- none suppress1on of the
flexor burst in much the same way as was prev1ous1y seen for the

~ ventral root stimulation.
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- Fig. 31." All-or-none disappearance of the rhythmic flexor burst
‘ due to stimulation of an L7 ventral root filament (A) .
or to vibration of the triceps surae (B). iE, iF and
CE_as in Fig. 29. Stimuli (A): 480 msec train of ,
pulses at 90 Hz, supramaximal for iE contraction; note
large stimulus artefact in iE and. iF. Vibration (B):
- 200.msec period-at 64 Hz indicated by rippled bar
- taken from iE force trace underneath iE EMG trace.
Note that the period between extensor bursts on the
», Contralateral side is temporarily reduced because of
\_ the ventral root stimulation or the triceps surae . -
~vibration. - The resulting contralateral rhythm
. resetting paralleted the resetting of the ipsilateral
rhythm. = Force calibration in (A) = 6.5 kg. -
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(1) Delay of flexor burst by viﬁratiqnvof the triceés.surae

In previous sections evidence Was presentedutndicating that
afferent actjvity from the triceps surae may prevent the generation
of a rhythmic flexor burst during Tocomotion, The same effect was
™ obtained by stimulating ]arge cutaneous afferents from the distal
h1nd]1mb ‘but in add1t1on the st1mu1at1on of cutaneous afferents during
. the extens1on phase y1e1ded a prolongation of the step cycle due to
a de]ay in the onset of the flexor burst (Chapter 2). Such f]exor
burst delaying effects were also found in the present exper1ments
when short periods of v1brat1on‘were applied during the 1ocomotory
process. As shown in th: 32 (top) triceps surae vibration started
in the extens1on phase often caused the fo11ow1ng flexor burst to be
de]ayed rather than suppressed This caused the step cycle during
wh1ch v1brat1on was started to be prolonged from 720 msec to 840 msec.
- The de]ayed flexor burst was unchanged in durat1on or only. s]1ght1y
shorter than the flexor burst preceding the app11cat1on of V1brat1on
and the sma]] changes in durat1on of the delayed. flexor burst cou]d
-not account for the pro]ongat1ons of the step cyc]e The step cycle.
f0110w1ng the pro]onged step cyc1e had a durat1on (740 msec)
' ~comparable to the duration of the step cycles preceding v1bration
(720 msec). | |

By tak1ng a number of consecut1ve v1brat1on tr1a1s a plot |
as shown in Fig. 32 (bottom) could be made. The duration of the‘
step cyc]e ‘during which v1brat1on was started was compared to the
durat1on ‘of the preced1ng step cyc]e and the d1fference was expressed

as a percentage of the preced1ng step cycle duration.” The resu]t1ng



Fig. 32.
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Delay of the rhythmic bursts of activity in the pretibial
flexors due to vibration of the triceps surae.

Top: Filmed example, showing the prolongation of the step

~cycle (time between onset of consecutive flexor bursts)

when a 400 msec period of vibration at 64 Hz was started
(arrow) in the extension phase. -Step cycle measurements

- on top of record (720, 720, 940, 740 msec) were taken with

a resolution of 1 mm = 20 msec (film speed = 5 cm/sec).
Force calibration = 3 kg. iF, iE and cE as in Fig. 29.

Bottom: Plot of change in step cycle duration (duration

of step cycle in which vibration is started minus the

duration of the just preceding step cycle) versus time of .
onset' of vibration within step cycle, -both normalized with
respect to the duration of the step cycle just preceding
the ‘application of the vibratory stimulus. These preceding
step cycles averaged 743 msec in duration and the flexor
buyst took up 13% of that duration (vertical dashed line
between F = flexion and E = extension). Bar on lower half

,qf'p]ot indicates the duration of the vibratory stimulus
' re]ative to the average step cycle duration.
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"change in cycle duration" was plotted versus the time between the
onset of the'step cyc1e'éﬁd the onset of vibration (nofmé]jzed with’
respect to the preceding step cycle)' Themrosults\fﬂdicated that‘
there was a tendency for the step cyeles to be prolonged by the
,"appljcat1on'of triceps surae vibration. ,However.s th1s tendenCy

was not. very strong,-as can be judged frém.the small amduht of
fpfo]ongation‘(on the average 4;5%) as compared to the normgl
variabi]itf of theqstep cycles (S.D. ofbstép.cyc1es“just péeceding

| v1brat1on was 5% of the- average durat1on of these precedlng cyc]es)
In another cat, the prolongations were ca]cu]ated to average 9% (N= 12)
wh1ch was stat1st1ca11y S1gn1f1cant at the 0.005 level (stép cycles
preced1ng the step cycle wwth v1brat1on differed from the’ step cyc1es T
following theVV1brat19n tr1a] by only 1%). The 1arge'var1ab144ty in
the responses to vibration was maybe related to the fact that“thé
flexor:bdrst de]aying.effects were.very critically dependent both on
the amp]itudq Qf"vibfation and on the amount ofibackground stfétcﬁ

of the vibrated muscle. Unfortunately, our experimental conditibns 
did not allow us:to make a systematic study of these pa(ametefs in the
4'cats'(out of 5) in which flexor Sﬁrét delaying'effécts were observed.
| It should be emphasized that theée vibration experiments
were not-designéd to answér the'quéstion of which type of muscle
éffgﬁénts,plays a Fo]e.in suﬁpressing or delaying the flexor burst.

. Ourjvibr;tory stimu1u§ probaE]y activéted;la‘spind1e afféreﬁts frdm
the triCebs\surae,-bu; oiher-typés‘offmuscle afferents wéré Tikely

9

to be activated as well because of the evoked muscle contraction.
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C. WNerve stimulation : ' »

(1) Acute experiﬁents |

In 8 cats the proximal end of the cut nerves‘td the Teft
gastrocnemius-soleus and/dr medial gaStrocnemius were stimulated
periodica11y with 106‘msec trains of 6 puises_at'].S and 1.7 x T.
The purpose of these experiments was to see»tf the above described
results obta1ned w1th natura] activat1on of triceps surae afferents
could be conf]rmed using d1rect e]ectr1ca1 st1mu1at1on of the 1arge
»tr1ceps surae afferents . | l | |
,& Stwmu]at1on of the tr1ceps surae nerves just before or
4 dufingvthe occurrence of thé flexor burst caused a reduct1on in the‘
amp11tude and duration cf the flexor EMG burst .as expected on the
' bas1s of rec1proca1 1nh1b1t1on but there was no reproduc1b1e change
' .1nbthe rhythmic apgearances of these f]exor bursts even when the
gastrocnemius-soleus and the mediaq gaStrocnehius;nerves‘were~stinuf
lated together., |

~ Only when st1mu11 above group I strength were app]1ed was
there"ev1dence for 1nterference with the jocomotory rhy thm (F1g. 33).
Stimulation ef the cutvmédia]igasthocneminsﬂnerye at ERA strength -
(33 V while T not measured but. estimated at around 3 V) caused the
“following f]exor burst to start Jater than expected provided the
stimuli were app11ed dur1ng the exten51on phase (middie and bottom
examp]e on top of Fig. 33) This resulted<1n a prolongatwonoof the
step cycle duration, measured as usua] from the beg1nn1ng qf one |

flexor burst unti] the onset of the next one (p]ot on bottom of Fig. 33).

}However, the delay of the onset of the nextvflexor burst did not

s
/i
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. Fig. 33.
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necessarily correspond with an equal amount -of rhythm resetting,
indicating that part of‘the delay of the f]exorvburst may simply
have been due to direct effects on ~ flexor motoneurons. Neverthe-
Tess, there is no doubt that the st1mu1at10n also affected the
rhythm generqting system since changes in‘rhythm'were not only
"' observed ipsitgteré]]y but also contra1étera11y (Fig. 33 top).
(2) Chrontc expertments | | N

The re]at1ve 1neffect1v1ty of triceps sural nerve st1mu1atlon
in produc1ng effects on the 1ocomotory rhythm was confirmed 1n a
norma] cat with a cuff implanted argnnd the lateral gastrqcnem1us'
nerve and the sciatié-nerve; Even when' stimuli of 275 or 3xT (6

'pu1ses of 0. O] msec at 60 Hz) were applied dur1ng the periods of

-‘,wa]klng on the treadm1]1, no conSIstent effects were produced on

/,the durat1on of the phase dur1ng wh1ch<%t1mu1at1on was started (1n
‘the two ekper1ments donL so far)

It thus seems that Tow 1ntensity stimdlation of muscle
nerves is 1ess effect1ve in chang1ng the durat1on of step cyc]e
phases than 1ow 1nten51ty stimulation of cutaneous nerves (Chapter 2).

However more exper1ments are needed to substant1ate t7e latter points

f’
3

‘3.4 _Discussion' *, h - S \

The data presented above prov1de evidence that afferent
activity from the: triceps surae can 1nh1b1t the centra] system '
_ responswb]e for the generatton of rhythm1c_bursts 07 actJv1ty.1n the

flexors during locomotion. This'centra1 systemvmust be ‘at a pre- -
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motoﬁeurona] Tevel since afferent activity from the triceps surae
caused the rhythmic flexor burst either to disappear in an all-or-
none fashion or to be de1ayed; Nejther one of these effects can
simply be explained in terms of excitability changes at tﬁe moto-
neuronal level since there is no evidence that motoneuronal pools
have syechronizing broperties on their own. Rather, one has to
,1nvoke the ex1stehce of 1nterneurona1 center; which form the basis
for the generat1on of bursts of activity in flexgrs or extensors ;A
during 1ocomotion. As .in the previous chapter, such centers will
be called "Flexor‘Ha]f#Cenfer"_(FHC) and "Extensor Haif—Center"
(EHO). ’ |

The da}athus~support the idea that triceps surae afferents
make inhibitory ‘connections with the FHC. The fu"nctional significance
of this connect1on 1s much the same as for the inhibitory connec}1on
between large cutaneous afferents and the FHC (Chapter 2). The need
- for an animal .to be supported by some of its limbs duriﬁg wa1kin§ at
moderate speeds calls for a system which a]]ows‘for‘the flexion of
a limb to occur only when sufficienf~sueport is provided by the
other limbs, Hence'it would be extreﬁely useful for the walkiﬁg
animal to have in each-1imb an automat1c in-built mechanism- for the
tr1gger1ng of flexion after a s1gna1 ‘is given that the 11mb in
question is no longer 1oaded and no ]onger needed to prov1de support
for the animal. A decline in afferent activity from the extensor
. muscles may eonstitute such a éigna] and consequently, if such a
decline. is prevented,bfor.eiamp1eiby preventing the 1imb from fully

extending, then the FHC will fail to be activated end stepping will
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be abtolished in the restrained 1imb (see Or]ovskyvand Feldman, 1972;
Grillner, 1975). | | |
At present,_the;exact lTocation of the inhibitory pathway
from triceps suras afferdnts to the FHC remaing unkmown.» Supra;
spinal centers are probably not essential since blocking of the
rhythm of a single Timb was observed_in'the'chronic gpina] doc or
cat (Sherrington, 19063 Grillner, 1975). At the spinal cord Tevel
~a system of internecurons exists which is activated by intfavenous
injection of DOPA and which is 1ike1y to be identical to the FHC
(Jankowska, 1967b). In close proximity and partly over]éppiﬁg with
this systeﬁ, many interneurons are found which receive connections
“from both muscle and skin affergnts (Szentégothai, 1967; Eccles et
al., 1956) and some of which have no direct projectiéﬁp’to moto-~
neurons {Huitborn et al., 1971; Hongo et az.; 1972). The latter
inierheurons, Tocated 'within the intermediate nucleus, may well form
the anatomical basis of the presently described effects. 'The
'convergence of proprioceptive and exteroceptive afferent 1ﬁput onto
these interreurons may explain why the flexor burst suppressing or
detaying effects were also obtained in the experiments described in
Chepter 2; In this respect it is of interest that it was recently
found thet an extensive convergence exists between 1érge cutanesous
afferents and Ib muséie afferents (Lundberg et al., 1975). HMoreover,
n a study on spinal interneUﬁoné presuﬁab]y belonging to the
locomotory centérgy Edgerton et al. (1976) found that activity in
some of thesa interneurcns was affécted by volleys in cutaneous nerves,

while others responded to group I volleys in muscle nerves,
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Our negative results after group I stjmu]atioh of the
triceps surae nerves do not exclude the possibility of an inhibitory
conneétibn between group I muscle afferehts and the FHC, since our
failure may have simply been due to an unfortunate choice of stimulus
parameters. Further experiments are ﬁeeded to clarify which type of

muscle afferents are inhibitory to the FHC.



CHAPTER 4. THE ROLE OF JOINT AFFERENTS IN LOCOMOTION
4. 1 Introduction

Virtually nothing is known about the fo]e of joint
afferents in ]ocomot{ﬁn. For the knee, Freeman and wyke‘(1966)
reported that cats had greathdifficulty in walking along a narrow
bar when tne1r poster1or and medial articular nerves were cut
However, when Lindstrém and Norsell (197]) repeated these experi-
’ments, they were unable to detect any deficits at all. |

Joint afferents from the hip may be of greater 1mportance
" however, since 1t is thought that joint afferents from the hip (or
afferents from h1p muscles) may provide the fh1p afferent signal”
wﬁich may play a dominant role in reflexly inducing the swing phase
at the end of stance (Rossignol et al., 1975). The‘iatter idea wasf
originally Based on the observations of Shik and_Orlovsky.(1965);k
who found that raising the anterior or posterior part of a norma1‘
dog waTking on a treadmij] induces a prolongation of both the
stance phase énd the step cycle of thé_raised 1imbs. They reasoned
that the prolongation of the stance phase in the raiéed 1imbs may A
have been corre]éted wi th an unchanged angular excursion of the hip
and shoulder and hence they'concluded that "the initiation of the
transfer phase is determined by tﬁe onget of threého}d éxtengion of
the 1imb, i.e. at definite values of the joint An§1es“. Further
’5upport‘for this "threshold exteﬁsion“ hybothesis was provided by
the work of Gril]ner and his colleagues (Grillner, 1975),iwho.found

that when the hindlimb of a spinal cat fs prevented from fully extending

m



ne
| ?
during the stance phase, a mainfafned extensor burst is erked which
only ceases by bringing the femur more caudally to an angle equi-
valent to the hip angle at wﬁich the'swing phase is normally .~
inﬁtia;gd.

However, the use of such rigid crjtérion as .a "threshold
extension" at the hip.seems'highly improbable since the excursion
of the hip per sé, does not éeem to give the animal mdch ihformation
about the appropriateness of ending support and starting flexion i
(see also Wetzel and Stuart; 1976). More likely the initiation of
the swing is determined by a combinafioﬁ offactors,some<0f which are
fe]ated to a fall in activity in exteroceﬁtive,and proprioceptive
afferents which are normally iztivated duriﬁg the stance phase (see
Chapters 2 and 3).

In the work to beé presented in this chapter, an answer was
sought to the following quegtions: (i) does the cat always initiate
the swing phase when the hip reaches a “threshold éng]e"; and
(i1) are the‘hjp joint afferents crucial for the'initiation of the
swing phase and for locomotion in general? Three techniques were
used: .

| 1) a‘repeat of ihe Shik and 0f1ovsky (1965) experiments
in mesencephalic cats;

2) observations on normal cats-wa1king while crouched

or while loaded; |

3) hip joint denerVation in-the normal cat.
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4.2 Methods‘aﬁd results
4.2.1 Lifted mésenééphalic cats

In two mesencepha11c cats the poster1or body part-was
raised and the effects on the s}ep cyc]e exam1ned It was found _
that Tifting the animal did not change‘the step cyc]e duration by .
more than 3%, although the duration of the EMG bu;:l-in‘thetankie
extensors was reduced to 40% of'its‘norma] value, These resu1ts '
differ from the results of Shik and Or]ovsky (1965) as out11ned
above. Possibly this difference s due to the fact that the Russ1an‘
' vworkers used normal dogs with suspended fore]1mbs while the present
exper1ments were done on mesencepha11c cats which cou1d step on the
treadm11] with ‘their forelimbs. Neverthe]ess, the present f1nd1ngs
seem to warrant a cautious reappra1sa1ﬁof the conc]us1ons of Shik

and Orlovsky (1965). .

4.2.2-‘Behavioral analysis on normal cats

One way to test'whether‘there are features oflthe step
.whieh are kent;COnstant duning 1ocomotion (such as the hip'ang1e
at’the%initiation of the swing) is to put severe constra1nts on the
'1ocomo%ery behavior and see if these "constant“ features remain even
‘1n the most tax1ng c1rcumstances Two exper1menta1 situations were
tested namely crouching and 1oad1ng

A. Gnouching
Two adu1t.cats were trained to walk on a treadmill with an

~adjustable ceiling. First the cats were trained with positive
. : I . ‘
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reinforéement technidues so that they learned to_Wa]k‘on a treadmill
~ without showing a crouching posture. Then the ceiling of the cage
over ‘the treadmii] wasi]pwered_so that the cats wére forced to
crouch. 'Training was considered satisfactorj when the cats could
‘maintain a constant ipeed of 1ocom0tfon with the trgadmiil»be]t |
movihg at 1.25 m)sec.J One cat weighing 2.6 kg_cou]d}perform the
task when the ceiling was 1owe;ed so as to leave on1y 13 cm distance
between the belt and the ceiling. The other cat (4.6 kg) could
still mafntain a steadyMgai% when forced to crouch yndeﬁ a ceiling
p]aéed 20‘cm.above.the belt. The left hind]imb of both cat§ were
shaved and détS'wgre painted on the skiﬁ above bony Iandmarks such
as desérfbed by Goslow et al. (]973).‘”The cats were filmed with
‘high speed cinematography (64 frames/sec). The filmed-material was
examined for,éequences where the position of the cat was constant
‘in relation to tﬁe treadmill ‘cage (indicafjng that the cat walked
eiact]y at the speed of the treadmill belt). Suéh‘sequences were
analyzed frahe by frame for Jjoint angle excursions of the left
‘hihd1imb, - Since some s]ipbage of the skin .over bony 1andmarks during
lTocomotion is.unavoidab1e, it was USuqilyIfound more reliable to
meéSuré the joint angles by'drawing tangent lineé on‘the body surface
rather than to use the painted dofs on the skin. Hence, the h{p
angle'was measured as the angle begyeen the line tangent to the
lower back of the cat and theﬂ}éﬁsgﬁangent to the frontal surfdcej
of the thjgh. Similarly, théyknee and_ank1e‘angles were_meaéured"
by drawing lines tangent tq the frontal.surface of the thigh and

tha shank and to the dorsal surface of the shank and the foot
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respectively. This method yields very rebpoducible results as long
‘as.Care is taken to keep.the contact poihts of the tangent Tlines
constant from frame to frame. | |
When’ study1ng the Jo1nt excursions during the stepping
movements, it became obv1ous that the h1p behaved in a very peculiar
| .way‘durlng forced crouch. In contrast to the knee and ank]e which
were a]ways he]d more f]exed dur1ng the step cyc]e of the forced
crouch than durlng the normal step cyc]e the hip was he]d less -
f]exed dur1ng most of the same per1od At the end of the stance
- phase of thev"crouchﬁ step cyc}e the hip.was eXtended up to 30° |
'mere than normal while the hip pbsition at the beginning of the |
stance phase was the sahe in the “"crouch" and thed"normaJ" situation
- (Fig. 34).- Such hYperextensidns of the hip.at the end of the stdncek
. phase were a constant f1nd1ng for crouching under a ZQ cm h1gh
ceiling but were. 1ess obv1ous when the crouch1ng was less pronounced B
due to higher ce111ngs | |
| Inspect1on of the evo]ut1on of the excursions. at the ‘
other joints (knee ankle) also revealed some 1nterest1ng f1nd1ngs
Fig. 35 compares the 301nt ang]es of the hip, knee and ankle for”b
cats wa1k1ng norma]]y and in a crouched pos1t1on The durations of
the step cyc]e, swing and stance’ phase were the same whether or not
the cats assumed a crouching position. Hohever the joint’excursions
rmade w1th1n these periods of constant duration were marked]y
~d1fferent for the two experlmental situations. The onset of the .
first extens1on phase as judged from the f1rst increase in JO]Ht

angle, was c]early delayed for the knee Jo1nt and even more so for
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Fig. 34.

-Changes in the position of the Teft hindlimb at the

beginning and ending of the stance phase when the cat

was forced to crouch (full lines) or walked normally
(dashed 1ines) on a treadmill. Speed of belt:  1.25
m/sec. Drawing was made by taking the first and last
frame of foot contact during the stance and superimposing
those frames for four subsequent step cycles. Note the
hyperextension of the hip at the end of the stance phase
when the animal v~ ~rouching, : -
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Fig.. 35.

o= Normal

1
e =Crouch

Stance

Comparison of joint angle excursions of'a cat which

either walked normally on a- treadmill (open circles)
or was forced to crouch under a ceiling placed 13 cm
above the treadmill belt (closed circles). Two

" representative step cycles of the same duration were

chosen for comparison. Speed of belt: 1.25 m/sec.
Onset of swing and stance indicated by downward and:

upward arrows respectively.
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the ankle joint'When the ahima]s4were-forced to crouchl The inter;
1imb coordination inythe crouch situation was'chafacteriéed'by a
shorter time interyé]vbetWeen the ohset of .the first extension phase
at the knee of the hindlimb and the moment of fore]imb lift-off
(34 msec versus 64 msec with S.D. of 9 and 19 respect1ve1y, N= 20)
' S1m11ar resu]ts were obtained by Wetze1 et al. (1975) when descr1b1ﬁg
the k1nemat1c differences between ‘cats stepp1ng en a treadmill and
cats walking over ground. In cats Wa1kfng‘on a treadmill 67% of
the duration of the sw1ng phase was occupied by f]ex1on wh11e this
was on]y 46% for the cats wa1k1ng over ground the tota] duratlon of
’the sw1ng phase being identical for the two 51tuat1ons In add1t1on,
they found that on the treadm11] the knee began to extend some 27 -
41 msec before the ankle at the transition from f1ex1on to extens1on
~ during the sw1ng phase rInterhmb coordination was also affected
since the 1nterva] ‘bétween the onset of extension dur1ng the sw1ng
.phase of the hind1imb and,onset of f]ex1on at the beginning of. the
SWing pﬁase in the;fdre]imb‘was smaller for cats walking on a treadmill.
Wetzel et aZ. (1975)‘ettributed these differences to the more crouched
position maintained by their cets during treadmfl% ]0comdtioﬁ. The
crduch}ng was thought to be due to their training method based on
avoidance of air jefs although a mihimal‘amount of crouching was
observed evenvwhen.positive‘reinforeement was used.’

In'summafy, a comparison of_joint eng1e~excursions in cate
walking on aAtreadmifl wfth adjustab]e ceiling revealed that a
crouehing posture can account for some of the changes previously

~ observed when treadmill walking was compared tp overground walking,
e / , .
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thus conftrming the,hypothesis of Wetzel‘et atl. (1975). The
;additiona] ftnding that hip\extension'at the end of stanCe can be
some 30° 1arger\durtng wa]kin§ in a crouching posture casts some
,doubt on the concept that a threshold extens1on at the hip is used

as a tr1gger s1gna1 for the 1n1t1at1on of the swing phase

B. Loading

The same cats used: in the crouch experlments were filmed
1n an upr1ght pos1t1on but with a load of 500 grams (Pb) on their
Vback. As seen 1n Fig. 36,,th1s had 1ittle effect on the position
of the hip at the beg1nn1ng and at the end of the stance phase The=ﬂ
main changes observed were in the knee and ankTe Jo1nts which were
held more flexed than norma]

| Load1ng of the cats had a]so no effect on the durat1on of

the step cyc]e ~as was aQSo observed when mesencepha]1c cats were H
loaded with 500 grams. These f1nd1ngs are in agreement w1th Orlovsky
et al: (1966), who found that normal dogs pu111ng a load or wa1k1ng
uph111 on a treadmill show no appreciable change in step cyc]e durat1on
4.2:3} Hip jeint denqrvation M‘)K\
S i To eva]uate,the ab ribution of hip'joint afferents to the
execut1on of wa1k1ng movements a b11ateral hip joint denervation.
was done in a cat wh1ch was prev1ous1y trained for treadmill locomot1on
' The hip joint of the cat is supp11ed by three nerves, which Dee (]969)
| des1gnated as the med1a1 art1cuTar nerve, the nerve to, the Tigamentum

capwtls femor1s and the posterior art1cu1ar nerve, These nerves join

a
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Fig. 36. Differences in the position of the left hindlimb at the
' beginning and ending of the stance phase when the cat
was loaded with 500 grams on its back (dashed lines)
. .or when walking normally (full lines). Superposition
of four frames for each limb position. Right hindlimb
- not shown. Note the more crouching posture when the
‘animal was loaded. : : :
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muscle nerves supp1y1ng the adductor museles, the - pect1neus, the
obturator externus and the quadrqtus femor1s Denervat1on of the
hip 301nt could only be ach1eved by den;rvat1ng these muscles as
well. As expected the cat 1ost most of its adduct1on capabilities
post—operptive1y and this made 1} impossible for the cat-to‘wa1k,
especia]ly'When put on a slippery surfece; ‘However, the ataxia
gradua11y'disappeared‘and‘on the thfrd day following the operation
the cat was already able to walk w1thout any not1ceab1e deficit.
However, the cat had great d1ff1cu1ty in wa1k1ng when it was forced»

to do so in a crouching pos1t1on due to an artificial ce111ng over |
the treadmlll. When crouch1ng, the h1nd11mbs frequent]y yielded
‘exce551ve1y at the end of the stance phase This deficit may be
attributed to denervat1on of either the h1p joint or the adductor
nuscles or both.

The observat1on that bilateral hip denervat1on does not

'produce major def1c1ts in the pattern of locomotion under normal
circumstances 1nd1cates that joint afferents from the h\p are not
'1nd1spensab1e for normal 1ocomot1on | Further support for this
" conclusion is provided by the observatien that patients with totgl
~ hip rep]acement can wa]k norma]]y In tact such'patients even
“retain the ab111ty td detect hip joint pos1t1on (ergg et al., 1973).

No descr1pt1ons of gait def1c1ts after h1p Jo1nt deafferentat1on in

the cat are ava11ab1e to our knowledge.

4.3 Discussion

The present data on the raised mesencephalic cats and on
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“the crouching normal cats do not provide positive or negative
evidence for the idea of the "hip afferent signal" but they do
provide some arguments'againét the idea that the initiation of the
swing phase is always reflexly triggered when the hip reaches a
"threshold" angle. C]ear]y, one has to be very cautious when
defining a part1cu1ar feature of the step cycle as a "standard"
feature. Most kinematic studies are done under standardized
conditions'and it is"%hué not surprising that "standard" features
are discovered. A‘gobd examﬁle is the constancy of the swing
phase”duration; A]though it is true that animals walking over
even sﬁrfaces at difféfent speeds tend to have a standartvduration
Swing phase, this does not fmﬁiy that ihe‘swing phase is always
constant Under}a]1 circumstances (for examples see Chapter 2).

The 'same is true for the standard hip angle at the end of stance.

~ It would be a~great disadvanfage.for any- animal if it had to rely

on a part1cu¥ar Jo1nt angle excursion for the initiation of the

. swing phase since th1s would 1mp1y a dramat1c 11m1tat1on in the

f]ex1b1]1ty of its 1ocomotory behav1or ‘Rather, one would expect
that such 1mportant dec1s1ons as the end1ng of the support phase
would be determ1ned by a ‘number of factors related to skin, muscle
and joint afferents from different sources as was amply discussed in

previous chapters.



CHAPTER 5. FUTURE WORK

From the previous chapters it 15 clear Chal we are ofiiy
starting to understand the role of afferents in walking. In this
cheoter & few areas will be outlined in wnich future work 1is

needec tc further clarify issues raised in the course of this thesis.

5.1 Identification Of‘thé flexor half-center

- The hypdthesis that different groups of cutaneous afferents
makeé cifferent types of connections wjth the %1exor half-center needs
further exploration using intraceliular techniques. Perhaps the
first step should be the identification of the half-center itself.
In the acute spina]ycat(treated with DOPA or Clonidine, the flexor
he f-center probably cdrrespoﬁds to a group of intefnéurons
»reaponsib1e for the generation of long-latency, iong—?aéting dis-,

chzrgzs “n the ipsilateral flexor motoneurons after stimulation of

Cthe sural rerve (Jankowska et ql., 1967a, b). Similarly, such Tate

{

f1=xcr ¢ scharges can be evoked in the mesenc&phaiﬁc cat after
brzinsten ctimulaficn (Griliner and Shik, 1973).

The appearance of the late flexor discharge is thus closely
15 aked ©h rhe activation of the .pinal centers for lccomotion and
onz would expect therefore to find such late discharges alsc in the
prememm? 1lary cat showing spontaneous lozomotion.  Preiiminavy data
presented “n rig. 37 show that such fat. discharges mzy indesd be

foanc ir the prewamniliary cat. In one experiment, sural nerve

stimelation yielded a small reflex contraction of the triceps surae
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Forelimb stepping as a method to release the late lonc-
lasting triceps surae inhibition following tetanic sural
nerve stimulation. (A) Resting premammillary cat showing
very small reflex contraction in the ipsilateral triceps
surae (iE = force and EMG) following sural nerve stimu-
lation (St). (B) The appearance of rhythmic alternating
movements in the forelimbs is correlated with the
appearance of a long-lasting triceps surae relaxation
when the same stimuli are applied.
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in the resfing animal (Fig. 37A) but the ééme stimuli applied in a
period during which the forelimbs moved and the hiﬁﬁ]imbs stayed
immobilized evoked a short'contract1on fol Towed by a long-lasting
re]axat1on of the tr1ceps surae Unfortunate]y, no flexor EMG was
recorded but it seems highly Tlikely tﬁat the Tong éxtensor inhfbitﬁon
was correlated with a 1ong flexor excitét&on Nevertheless, the
data of F1gé 37 show ‘that 1t may be possible to demonstrate the
late flexor d1scharge thought to arise from the flexor half-center,
in the spontaneously walking premammi11ary cat, hence:providing a
link with the data on spinal and mesencephalic cats and hencé
providfng the possibility of exp]oking intracellularly the‘f1exor
ha]f—center,in the curarized premammi{lary cat.

.The development of such ékpﬁeparation should allow one to
follow up on the very exciting resu]ts recent1y obta1ned by Edqerton
et aZ (1976), who recorded from 1nterneurons wa1ch are rhythm1ca]1y

active in ‘the spinal curarized cat injected with DOPA and Nialamide.
They found>that stimulation of the 1p$i1atera1 peronea] nerve with a
short train of 3 puises at 20 x T cduid produce é rebdund of activity
in-an interneuron which had its main-act%vity together with the
activity in ipsilateral flexor motoneurons. Since the latter inter-
neuron may well have been part of the flexor ha]f-centér,,their
finding constitutes the first intracellular evidence for the rebound‘
of the flexor half-center félﬁowing peripheral nefve stimu]ation

By st1mu1at1ng cutaneous nerves at differeft—fioments in the time

Course of activity of such f]exor half-center 1nterneurons it should

be possible to demonstrate at an intracellular level the interactions



between large cutaneous afferents and the flexor half-center as

= 1
proposed in Chapter 2.

- 5.2 Late reflex responses in premamwnil lary cats

: In récent years, adVances have been made in our under-
standing-ofliate ref]ekes, presumably invo]ving the motor cortex
(Tattqn and Lee, 1975; Murphy et 2., 1974). LonQ—]oop ref?éxas,
not 1nvo1ving the motor coftex, have also been exp1ored but only
one-such reflex has been well documented, namely the spinO-bu}on
spinal reflex (S.B.S. fef]ex: Shimamura et ¢i., 1965), which ié
excitatory to”faexofs.‘ So far there is no evidence for long-loop
reflexes to extensors in decerebfaté animals. r

| HoweQer, in the present study it was noted at several'

~occasions that Tate reflex waves could be observed in the triceps

surae after stimulation of the tibial or peroneal nerve in pre-

lary cats. Fig. 38 shows an example of an experiment in which
the common peroneai?herve was stimulated in a cuff_e]ectrode while
the EMG response of. the tr{ceps surae was fecorded. Two late waves
weke'dete;ted by averaging the EMG response in the triceps surae
(N=200). Both late waves increased in\amplitude when the stimulus
ihfehsity was increased from 2 x T to 2.8 x .T. InterestingTy, the
onset of the Tast late wave shiftedvforward~fn time -fron 63 msec to
59 msec when the stimulus Tntensity was increased. The origin of
these responses: in. the premammillary cat is unéertain, but, further
éxperiments a]oﬁg this 1iné (with decerebellectomy, variatioﬁs in

triceps surae stretch, selective lesions at the spinal and supra-
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Fig. 38.
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Polysynaptic late reflex responses in the triceps surae
following stimulation of the intact common peroneal nerve.
Each trace is the computer average of 200 unrectified

EMG responses. Sample interval = 0.2 msec. To
accentuate the late waves, a delay of 8 msec was intro-
duced to eliminate the large early response, the end of
which is just visible at the beginning of each record.
Digital filtering allowed the averaging of subsequent
groups. of seven bins within the total of 512 bins for

each record.  Resting premammillary cat!
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“level) will undoubtedly be of great‘interest.' ,/w/

5.3 Phasi‘c disﬁa’bancee of the gait : | B
# ‘A third majdr‘area for future research is for behavioral
exper1ments on norma] cats in order to test some of the hypotheses
proposed in this thesis. If muscle and skin receotors do play a
" role in the regulation of the stance phase, then one should be able
bto demonstrate this in normal cats put in a sjﬁuation where these
" receptors are natura]]y stimulated during 1oc6motion. Such a
situation can be created in a number of ways. One I have used is
to put cefs in a special cage and let them step on a trap dqor
which moves upwards fojloWing foot eontaet, hence introducing a
"phasic perturbation of tﬁe stanee phase. The upward movement df
the_trapdoor was triggered by a short-circuit produced by eontect
betweeﬁ.the cepper‘covering of theftrapdpor and the copper shoe put
.around the foot of the.cat's left hindlimb. The experimenter
_‘could switch off the short c1rcu1t1ng system act1vat1ng the trap
door so that not all foot contacts were followed by trap door
movehent. A small light indicated the moment of foot,contacf
so "'that the &e]ay between foot contact and upwards movement of
the trap door could be calculated from the: frame to-frame ana]ys1s ’

of the h1gh speed c1nematograph1c mov1es made of the experiments.

’The pre]iminaryvhesu]ts'showed that both cets reacted
to the upwards movement of the trapdoor by hyperextension of the

whole 1imb at the end of the stance . phase. OHowever, simple cinemato-
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graphic ana]ysis did not allow us to decide Whethér this was a true
reflex reactibnlor simply a mechanical’ perturbation. Normal cats
with implanted EMG e]ectrddés wf]] probab]y enab]e’us’to determine
the true reflex nature of this response. |
| ‘Fina1]y, gait pértdrbation éxperimehts Sth]d be done on-

‘norma1-huﬁan éubjects. What reflex adjustmehts dre made when

certain periphera] nerves are stimulated in humans wa]king on.a
treddmil1? Preliminary experiments by Dr. Herman indicate that
sural nerve st%hu]ation indeed promoteévéXtension_when given during
thé stance of ndrma] Wa1king subjeéts (personé]~communicatioh).
Or what are the %ef]ex'responses of a normal ﬁubjéct, presented
'with an,evén surface on which to walk, then b]ind-fojded and
allowed to walk over the same surfacé which.now has unexpected

elevations or holes?



CHAPTER 6. SUNMARY

Afferent input is not required for the production of
steppIng movements but is essent1a1 for the adjustment of the step
to external requ1rements The way in which afferent tnput modu]ate{
stepping was 1nvest1gated by introducing short and long- term changes -
»1n afferent input dur1ng walking of mesencepha11c, premamm1]]ary and
“normal cats and by . exam1n1ng the resu1t1ng changes in EMG activity
and joint ang]e excursions. The effects of three types of afferents
‘were studied. |
| 1. Skin Affbrents Cutaneous afferents arisfng From the‘

distal’ h1nd11mb have been suspected to p]ay an 1mportant role in
1ocomot1on but ev1dence was lacking. In the present work 1t was
found that electrical st1mu1at1on of, the skin of the d1sta1 h1nd11mb
or of the skin afferents 1nnervat1ng th1s area. increased the durat1on
and/or amplitude of the EMG act1v1ty in the ank]e extensors when the
stimulation was app11ed during the stance phase of spontaneous]y
wa]king\phemammillary cats. When applied during the flex1on phase,
the stimuli either prqlonged or shortened the ongoing burst of act1vity
. in the ank]e_f]exors; depending on the timing and intensity of the
stimuli. Stimulation qf,the tibial nerve & 2.5 x threshdid yielded a
‘ f]exop burst prolongation when stimuli were app]ied at the beginning of
- the flexion phase. Honever, when app)ied at the end of flexion' the

same stimuli caused a flexor bdrst shortening and a prematdre onset of

’ . s -
extension. Stronger stimuli given during th flexion phase evoked a

o
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flexor burst pro]ongation regardless of the tiue of stimulus applicétion.
Very strong shocks, inducing a flexor reflex, evoked a bi]ateral._.
resetting of the rhythm except if stimulation was applied just prior to
or at the beginning of}the ipsilateral flexion phase. i
| In normai;cats,-on]y moderate stimulation was uged on the

- tibial, peroheal and sural nerves. Low threshold Stimu]ation during -
the stance increased-the~ohgoing extensor activity in the ankle
peXteheors. 'When'applied during.the flexion phase, the stjmu]i caused
a prolongation of the flexion or, more rarer, a shortenihg.

The results were interpreted in function of reflex actions
of 1orge andtsma]1 cutaneousuafferents. Activity in lérge afferents;‘
presumably arising from mechanoreceptors in'the distal hindlinmb, may
essist the animal in supportihg itse]frby causing_inCreased extensor
‘aetivity'during ;tance.v Activity in the large cutaneous.afferents '
at the end of the flexion phase may cause a premature onset of |
extension so that the liub is ready to take up the support of the body'
if the foot touches an unexpected elevatkon at the end of the flexion
phase On the other hand, act1v1ty 1n sma11er afferents, related to
the detect1on of noxious stimuli, may cause a shorten1ng or’ temporary
1nterrupt10n of extension during stance. During flexion the same
hoxious stimuli may cause a pro]ongatioh of the flexion phase so that
in_a11 oases'cohtact with the noxious stinuli is avoided.

2.»-Mus¢Ze Afferents. Exténsor.musc1e receptors are active
durfng’]ocomotion.butf1itt1e is known about their roie in the regulation
of the step cycle. In this study it was found that the rhythmic

contractions of the ankle flexors and'extenSoré in the fixed hind]imb
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of premamhi]]ary catsvcan be.made_to disappear by stretching the ankle
exténsors in the fixed ﬁind]imb or by makiﬁg the triceps surae to
contract bykventra1 root stimulation or by triceps‘surae vibration. A
‘second method for blocking the rhythm se}eétive]y in a sjng]é 1imb
consisted of leaving the Teft Timb free except for the ankle joint
which was clamped in-a flexed position. In all cases tﬁe\rhythmic
f1éxor-burst was seén to disappear in aq,a11—or;none fashion. In
addition,‘it was fouﬁd that short periods of vibration of the triceps
surae cou]d lead to a delay in the onset of the flexor burst.  I£ is ¢
suggested that unloading of the ankle extensoré is‘fequfred for the
re]eaée of activity in the central systemjinvolved in the generation
of the flexion phase in walking.’ | |

- 3. Joint Afferents. Afferents from the hiﬁ joint may
; signa} when the hip passes through a "threshold extension" at thé end
'of st;nce and this signal may fef]ex]y.trigger the fTexion>phase.
EvfdenCe against‘this.idea of "threshb]dlextension trigger" was
obtained when normal catswere,filmed while forced to crouch on a
treadmill. Hip extension at the end of stance could be up,té 30°
_larger than under norma]“cirqumétanCés, indicating that the initiation
of the flexion phase in normal cats is not ajways related to a standard
hip extension:, Furthermore, hip joint éfferents_Were §h0wn not to be
essential for walking since bilateral denervation of the hip joint did
not produce permaneﬁt gaif deficits. |

It was éonc]uded that the transition from f]exion to extension

and from,exfension to f1exioﬁ is profoundly affected by afferent input

from extéroceptive and proprioceptive sources although the spinal cord

!
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itself can prodtce such switching'in the absence of sensory’feedback
Furthermore, reflex actions from these afferent sources may reinforce
the on901ng activity e1ther through "pr1vate" pathways to motoneurones
or through pathways to interneuronal half- centers, involved in the

generat1on of genera11zed f]ex10n or extens1on in individual 11mbs
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