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ABSTRACT
" . The purpose of this thesis was to determine ' the
¢ x i ' B
functional effectiveness of the fusimotor activity on the
'response of muscle spindle afferents to stretch during
locomotion in the cgt. Anatomically, the muécle'spindle is’

’ . .
provided with a versatile sensitiviﬁy:control such that the

N ,
sensitivity can be set to a desired level, or varied, quite
separately from the prevalent mechanical. conditions. To

determing tngextent to which this system is utilized during
locomotion, the ;tretch sensitivities of soleus primary and
secondary muscle spindle afferents were- stﬁdied during
10cohotion in the premammillary éat._ Oée hindlimb-ﬁgs fixed
and stretches were appfied te its soleus muscle. The cat
walked with its other three legs on a treadm&ll. Although
its .length was controlled‘Py % serQo motor, the 1isolated
soleus muSéle of the fixed hindlimb contracted with the
walking rhytlm. The activity in single soleds muscle
spindle afferehts was recorded in dissected dorsal root
filaments. The stretch responses of the afferents were
compared at differént times in the step cycle.

The sensitivity to stretch of pgimary afferents was
mbdulated during the step cycle. It was high during the
period of az?ivgpforce development which corresponds, . in a
freely walking caf, to the support phase of the step cycle.
It was low in the ébsence of ‘f6rce. These cﬁanges in

sensitivity would act together with the locomotor changes 1in

the a-motoneuron membrane potential to modulate the gain of



the stretch refiex. A high reflex .gain during the support
phase éllows the ongoing extensog,ac;ivity to be reinforced,
éuch as when changes in the terraié are encountered. L’A
feduction to a lower gain then prevents the passive stretch
of the muscle in the swing_phase from producing wundesirable
reflex extensor activity which would oppose the movement.

The sensitivity to stretch of secgndary afferents was
maintained at a low, relatively tonic level throughout the
step cycle. Duriné normal walking, this would ailow “the
secondary affereht‘to signal muscle length th;oughout thé
whole step cycle, despitéxtpe guite gxtensive excursions in
~ muscle length which occur. o

The stre&ch responses were al;o studied in gh“gyhetized
cat§ dur \ng pabtrolled s;imulgtion of 7—moton*uroné. Thé 7-
,m?t&?eurzgs were stimuiaéed with tonic ratés'and with a
modéiated 'rate. These rates were represgptative of the
activity patterns ﬁhat we have recorded from y-motoneurons
during walking in other experiments with premammillary cats.
A dynamic and static y-motoneuron influenciﬁé the same
afferent weré stimulated with a phasic and tonic pattefn to
determine their interaction on the'stretch response. From
these expériments the stretch responses during walking could
be interpreted in terms of the fusimotor activity
influencing the spindles. The results were consistent with
a tonic Apattern of activity occurfing in  static -
motoneurons and a m?dulated pattern of activity occurring in

dynamic <y-motonéurons.,
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~  CHAPTER ONE
PREAMBLE
™

Rhythmic movements are produced by coordinated patterns
of muscle activity,’alternating.in a stereotypic manner. An
example ?B locomotion 1in the cat. chomotion must be
controlled  so that the muscles of @ limb are activated 1in
the proper sequence to give the appropriate cyclic movements
of the joints, so that the movement . of each :limb 1is
coordingied with the others, and so that the movements are
adapted to ﬁhe external conditions and the goals of the
animal (Orlovsky & Shik, 19876; Grillner, 1981).

In the cat, the rhythmic walking pattern 1s generated
in the spinal cord. Descending inplts activate and control
the spinal locomotor centres. Activity in sensory fibers,
from muscle, i‘ént, and cutaneous receptors, accompanies
locomotion and may also contribute to its control (Grillner,
1975; Grillner & Zangger, 1975,:5979; Perret, 1976; Shik &
Orlov‘y, 1976; Patla et al, 1985):

Mus;le stretch receptors, the muscle spindles, are the
only proprioceptors to réceive their own motor innervation:
from static and dynamic gamma mfotoneurons. Gamma (v)
mctoneurons afféct the bias of the muscle spindle afferents
and their sensitivity to stretch. Consequently, .the
discharges of the primary and secondary afferents are a
result of the complex interaction at the muscle spindle
between length changes and y-motoneuron activity. As é cat -
walks, the ankle extensor muscles change length cyclically,

N
1
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and aléo, ‘from environmental Vpéfturbations, sometimes
unéxpectedly: The .locomotor * y-motoneuron . activity
influenées “the“ responses of the primary gnd seconda}y
enéjngs‘ to these length changes.  ;Thé‘f}exibilfty in the
ré§p6nse. to length changes prov1déd &i the’?ndependent Y-
motoneurdh iqpef&éﬁion-of’the' spindiés c§uld be  heanihgful
in Ehe control of fhythmic movements such as locomotion )

’

(Matthews, 1981a;_Huf1igér,’1984).

, 1 : .
e A L o
‘ . . .



CHAPTER TWO

PURPOSE

»

The .aim of this study was to examine the résponsgs of
priméry and secondary.spindle afferents to stretch during
locomotion in the premammiilary cat. . One. hindlimb was

“clamped and its soleus musclg'oscillated about a preset
’ ¢ \

length while the activity froﬁ\single soleus muscle spindle
affepgnﬁs was recorded. The caﬁbwalked with its three other
legs on a treadmill.® This preparation allowed the afferent-

response to controlled stretches alone to be determined at j
. ) . , o

different times in the step cycle without the complicating ' y/
effects ©of muscle length changes produced‘“by locomotion.

Attention “was directed tOjcomparison of' the responses' of

primary and  se;dndary afferents at different times during

”the Stép cfcle, with the responses when the cét was standin%
qpietly. - So . tﬁat the fusimotor activity could bé
'intérpreted from 'the afferent récordings, the stretch
responses - were also studied in anesthetized cats during.
controlled stimulation.of idéntified‘7-mot0neufons;

Two patterns of activity in the +y-motoneurons from /

J
/

ankle extensor muscles have previously been observed during //

/

7

locomotion 1in the premémmillary cat (Murphy et al, 1984).//
\Some fusimotor axons (7p) showed a deepiy modulated”rate of

firing duringithe step bycle; the others (7t)'showed a high

steady firing rate. It was.suggested that the 7p and .7t

axons correspond to dynamic and static fusimotor neurons,

respectively. \
A
3
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An intention of the analysis of the afferent responses
guriﬂ% walking was to‘determine.the functional effectiveness
‘of/Jthe fusimotor. activiry A primary ending can Dbe
yhfluenced by a number of dynamlc and static v—motoneurohs.
/Statlc and dynamic y-motoneurons have guite different
effecte. on the stretchysensiti;ity of a primary ending
(Hulliger et al; f1977a; Matthews, 1931a). Thus the net
effect ofﬁ/zge cbmbined fusimotor acrions 1s difficult to
predicf (Hulliger et al, .1977b). Afferent recordings are
~requ1red to determine how the activity of - motoheurens

durlng locomotxon influences the response to length changes.

Another objective-was to more conclusively 1dent1fy the

»act1v1ty patterns in statlc and dynamlc y-motoneurons on the‘vv

basis of the stretch responses of the prlmary and secondaryfre

i

afferents ‘during the step cycle. This should be p°$5i51§g“
siﬁce only static +y-motoneurons Isignificantly ‘aﬁfécﬁfﬁ
secondary endings (Hulllger 1984) o
Theb stretch reflex is centrally modulated durlnéb Eﬂé‘
step cycle (Akazawa et al, 1982) through phasic changes; inv?
the alpha‘(a) motoneuron membrane potential (Shefchyk eteel,
1984)l " A vthird purpose: of the study was ro_ determine
whether variations in afferent input Jcontribute to

modhietion of the reflex.



CHAPTER THREE

INTRODUCTION

3.1 LOCOMOTION

3.1.1 DESCRIPTION
Much of our knowledge ©of cat locomotion has'come from

studies of the hindlimb muscles. The step cycle of the

hindlimb can be described in terms of one flexion phase, F,
N

and three extension phases, E1, E2, and E3. (Engberg &
Lundberg, 1969 Grﬁilnef, 1975{. After the foot lgaveé the
ground, all the Jjoints of ﬁhe Timb flex and the foot 1is
brought up and forward. %hiszirst part of the swing phase
is F. - E! commences as the knee and ankle joints extend
while the 1limb still travels fé?ward in the swing phase.
Activity in the hip éxtensors.at this time decelerates the
limb} Knee extension'_inCreases‘the‘stride length. Ankle
" extensor activity bégins just before footfall, an event
which marks the end of ET. The ankle ex;ension of E1 lowers
the paw slightly to bring the footpads in ébntact withl fhe
ground and allow digitigrade support. In the first partfof
the support phase, E2, the.limb yields unaer the weight of
the body, flexing the ankle and knee joints and strétching
‘the active ankle extensors. All the extensors are strongly
active‘ {n fhis phase; ‘theAactivity continues until Jjust
before the foot leaves ;he ground. In E3, ail thevjbi;;s

“extend as the weight travels forward over the limb and the

extensor muscles slowly shorten a small amount. After the
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foot leaves the groﬁhd the limb extension 1is briefly

continued until the ' flexor activity 1is sufficienf to
’ overcome the backward momentum. Activity in the ankle and
knee flexors generally occurs in three bursts: at the end of
E3, at the‘start of F, and towards the end of EI1. Hip
flexor activity starts later and ends later than the
activity in the ankle and knee flexors‘(Engberg & Lundberg,.
1969) . '

The majori proximal hindlimb muscles are bifunctional
and ‘produce opposite movements at the hip and knee Jjoints.
Since ankle flexors and extensors show simpler activity .
patterns during locomotion, they Have received more
.attentioﬁ.’
. 3.1.2 CENTRAL GENERATIOI;I

The patterns of locomotion can be produced in the
spinal cord, even without cyclic sensory feedback. Brown,
in 1911‘(Wetzel & Stuart, 1976), first reported 'étepping
movements of the de-afferented hindlimbs4 follo&iné
transection of the cat's spinal cord. Many years later,

_rhythmic‘rectprocal activity in flexors and extensors of de<
affegented hiﬁdlimbs was observed in chronic spinal kittens
.and in acute spinal ca£s administered Clonidine or Dopa and
with tonic étimulation of the L7 or L6 dorsal root (Grillner
& Zangger, 1974, 1979). Alternating bursts of actiQity in”
flexor and extensor motoneurons have been recorded, during

tonic stimulation of aj{dorsal root, 1in <curarized acute

spinal cats (Grillner & Za ~ 1979).
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That phasic afferent input is not necessary for the

A

generation of a co-ordinated stepping behaviour has also

been supported by experiments in de-afferented
mesencephalic cats during tonic stimulation of the
mesencephalic locomotor region (Grillner & Zangger, 1975)

and in de-afferented or curarized decorticate cats (Perret,
1976).. Not only was there alternation of flexor and extensor
. .

activity but the timing of the electromyogram (EMG) bursts,

including the initiation of the extensor activity: before

footfall, did not change following de-afferentation in the

mesencephalic cats.

3.1.3 PERI PHERAL CONTROL o

The control of locomotion does rely on. sensory
feedback. Without it there can be considerable step to step
variability in the timing of the EMG bursts and ‘co-
ordination of the limbs may‘be periodically lost (Grillner,
1981). The force of the step may be‘decreaéed (Wetzel et
al, 1976). The animal ~can not adapt to thanges 1in - the

environmental conditions, such as treadmill speed.

. Sensory ' feedback allows adjustment yof the centra}ly
programmed movements, which would be advantageous when &EF

p?ogress of a movement is altered or: unexpected changes in
mxscle leng;hlor load occur. Two mechanisms, one dependent
oﬁ hip position, the other on muscle load, yéonfrol the
stance phase soO tﬁat.it'is apprdpriaté for the external

conditions (Grillnef, 1979; Andersson et al, 1981).

If one 1limb of a stepping spinal cat was stopped 1in

L]
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garﬂy or mid extensioﬁ, the extensor activity in that limb
was\maintained (Grillner, 1975, 1981; Grillner & Rossignol,
1978). During fictive locomotion, in which muscle
contraction 1is prevented by the action of curare, the
frequency of the alte:nating activity'-of the alpha
motoneurons could be. decreased by slower cyclic passive
movements of the hindlimb. Joint or muscle afferents f:om
the hip were responsibie for this effect (Andersson et al,
1981) . ThUS'auring stepping, 1if the hip was extended more
slowly than expected, afferent signals would prevent the
extensor activity from&endingvtoo soon, so that support
you;d be continued (Andersson et al, '1981). 1In the stepping
cat, extensor activity ended and flexor activity began wﬁen
the 1limb was .stopped in a position caudal to mid E3
(Grillner, 1975, -1981; Grillner & Rossignol, 1978). The
burst frequency during fictive locomotioﬁ could be entrained
to a faster cyclic movement of the hindlimb (Andersson et
‘ <l_ al, 1981). Thus, if a limb was extended rapidly so that it
was no longer éupporting the animal, flexion could ensue
(Andersson et‘al, 1981).
If an ankle extensor was stretched during the stance
phase of locomotion in the thalamiciqét,l extensor activity
- was, maintained and flexor activity inhibited (Pearson &
| o yjbufﬁéns, 1976) . Stimulation of the ventral root or of the
A\m;gcle directly, which caused an increase :in tension without
a change in length, produced the same response as the muscle
stretch. Flexion will thus not be initiated during

locomotion until the extensors are unloaded. Normally, the

+



load on the exténsors'decreases as the body passes forward
over the limb, so,that by the end of the suppoft“phase the
load 1is diminished sufficiently so as not' to prevent
flexion. ‘Since a perturbation that causes slow extension of
the limb also causes the load to be maintained for a longer
period, the control mechanisms dependent on<hip position and
load evidently work co-operatively to ensure that flexion
occurs at the appropriate time (Grillner, 1979). TheA
regulation of the stancé phase by these mechanisms maf be
important when the cat changes speed, changes direction or
circles, or when an uneven or sloping terrain is

unexpectedly encountered (Andersson et al, 1981).

3.1.4 REFLEX MODULATION

During locomotion, some éeflex responses are dependent
on the phase of the step cycle in which the stimulation is
applied. The extensdr thrust reflex is only effective in
the staﬁce phase. In the thalamic cat, stimulation of the
pad, plantar surface or sural nerve resulted in increased
activity 1in the ipsilateral ankle extensor, and a delay in
the onset of the flexor activity (and‘contralateral extensor
activity) when the stimulation was applied during thg-
support' phase. No response was elicited when th;\
stimulation was applied during the swing phase: - thg time of
flexor activity (Duysens & Pearsbn, 1976).

The stretch reflex in ankle’extensors is also modulated
during the step cycle. In the mesencephalic cat, the change

in amplitude of the reflex response approximately followed



the time cdurse of the locomotor muécle activity (Akazawa et
al, 1982). Changes in muscle spindle sensitivity could
contribute to the stretch reflex modulation and this
pgssibilipy is examined in this thesis.

Electrical : stimulation of the muscle nerve at a
strength sufficient to excite only the Group 1 afferents
resulted in modulation of the H-reflex during the step cycle
similar to that seen for theAstretch‘reflex (Akazawa et al,
1982). Since the afferent inpuﬁ was constant under this
condition, <central factors must havg accounted for the H-

reflex modulation and would also contribute to the stretch

reflex modulation. One central gating mechanism 1s the

cyclic change in the excitability of the alpha motoneurons,:

i.e. 1in the membrane potential, so that the probability of
an EPSP of constant size reaching threshold also varies
cyclically (Grillner, 1981; Akazawa et al, 1982). A second
potential mechanism is presynaptic modulatiod”;gf afferent

activity so that the size of the EPSP varies cyclically

S

(Gri1lwer, 1981: Akazawe et al, 1982). Since little change

in the amplitude of the Ia EPSP's was observed by recording
intracellularly from aLmotoneprons, impoftance was
attributed to the former mechanism (Shgfchyk et al, 1984).
The possibility thét changes in muscle spindle sensitivity,

due to Lvarying fusimotor activity, contributed to the

stretch reflex modulation could not, of course, be excluded. .

The reaction to tactile stimulation of the dorsum of

the paw during locomotion is another example of a phase

10
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dependent reflex (Forssjerg, 1979). Stimulatioq‘.ppplied
during‘ the swing phase of locomgtion in spinai and 1intact
cats evoked increased ipsilateral flexor activié;, so . that
the foot would be lifted clear of the offendipg object.
Stimulation applied during the étance phase( caused an

increase in the ongoing extensor activity in  spinal cats,

thrusting the foot backward, followed by enhanced flexor

activity during the succeeding swing phase. In intact catsg‘

b f 1
inhibitory and excitatory effects during extengion "b&%gnceQ

so that the support phase did not chaﬁ@e much., In additiéﬂ

to the phasic variation in motoneuron excitabilit%iﬁ,,

Uﬁ ‘

premotoneuronal modulation of transmission in the reflg

pathway contributes to the phase dependency of

stumbling corrective reaction (Andersson et al,”
Forssberg, 1979; Grillner, 1981).

3

3.2 THE MUSCLE SPINDLE v

3.2.1 STRUCTURE . -

As early as 1900, based mainly on descriptions by
Sherrington and  Ruffini, muscle spindles have been
regqgnized as sense organs that are under motor control. In
recent years especially, the evolving view of spindlé
structure has become increasingly complex (Boyd, 1981a).

The soleus muscle 1in the cat contains about fifty
muscle spindles (Prochazka, 1981), each of which 1is
approximately 1 cm in length. The fusiform shape of the

muscle spindle 1is due to a centrally expanded connective

T~
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A
tissue capsule. Intrafusal muscle fibers, in parallel,
extend beyond the capsular sleeve (Boyd, 1980) . A muscle
spindle contains one, oOr occasionally‘two, dynamic nuclear

bag (bag,) fibers, one static nuclear bag (bag,) fiber, and
three to five chain fibers (Boyd, 1981a). |

A bag, fiber is ipnervated by one or two dynamﬁé -
motoneurons. The bag, fiber and chain fibers of a spindle
are innervated by three to seven static y-motoneurons (Boyd,
1980). A static y-motoneuron can supply Jjust pain fibers,
just the bag2 fiber, or both types, in a partic:lar spindle
(Laporte & Emonet-Denand, 1973; Boyd, 1981a; Barker, 1983).
At least in tenuissimus, 1in all the spinales it ent;}s, a
static y-motoneuron 1is consistent as to the type of
intrafusal fiber it supplies, even though it may supply the
other type in addition (Boyd, 1983, Boyd et al, 1983). On
thé basis of this predominantly selective activation, the
possibility that there could be two functional classes of
static y-motoneuron, has recently been proposed (Boyd et al,
1983; Hulliger, 1984). Foliowing a long controversy, it is
now generally believed tha* static y-motoneurons do not
supply bag, fibers (Boyd, 1981a).

In addition to their control by y-motoneurons, muscle
spindles may be ihnervated by beta (f) motoneurons. A
- dynamic p-axon supplies the bag1‘fiber and slow twitch
extrafusal fibers. A static B-axon supplies the longest
chain fiber and fast twitch extrafusal fibers (Matthews,

1981b). The 1incidence of skeleto—fusimo!br innervation of

spindles in soleus is thought to be very low (Prochazka,

12



1981).

Myofilaments are scarce in the central region of the
intrafusal fibers, particularly of the bag fibers in which
the nuclei .are densely packed atthews, 1981a). The
Sensory éerminals are located on t is part of the fiber. A
spindle, on average, 1is innervated by one primary and one
secondary afferent, although the number of secondary

afferents 1s variable: 0 to 4. Branches from one primary

afferent form spiral endings about the equatorial region of
4

every intrafusal fiber in the spindle. Branches from ‘%
secondary aiferent form similar spiral endings, -
juxtaequatorially, around the chain fibers (Boyd, 1980).

Flower spray endings from secondary afferents have been
found on the bag, and bag, fibers, but the relative contact
area of the secondary endings on these fibers was 10% and

20%, respectively (Banks et al, 1981; Barker, 1983).

3.2.2 RESPONSES OF PRIMARY AND SECONDARY AFFERENTS
TC STRETCH

¥

Stretch of the muscle extends the sensory endings,
causing the afferent firing raté to increase, ;he functional
distinctiveness of the two types of spindle afferents,
classified on the basis of conduction velocity, was
originally >
1981a). s Since then, the stretch responses of the primary
and secondary sp}ﬁdle afferents have been well described

(reviewed by Matthews, 1972, 1973, 1881b).

Primary affeiiiysx are much more responsive to the

Ve

discovered less than 25 years ago (Matthews,
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e .
occurrence ot movement . They have greater dynamic
sensitivity toﬂlérge tamp and triangular stretches, a lower

L™
threshold for tendon taps, and can be selectively activated

/by vibration (Matthews, 1972, 198 1b). The dyn#mic index

(the decrease in firing rate, over 0.5 s, following the

??bmpiftion of the constant velocity phase of a stretch) has

bﬂen commonly used to assess the dynamic responsiveness of

the afferent to large'ramp stretches. It is much greater
for oprimary than secondary afferents: for 10 mm/s ramp
stretches by a factor of 6 (Matthews, 1972). At the

initiation of a constant velocity strétch, primary afferents
bften exhibit a rapid increase in firing rate; secondary
afferenﬁs do not. Another difference between the passive
endings (when the spindle is not influenced by any fusimotor
activity) 1is that primary afferents fall silent on the
release phase of a ramp Or triangular stretch, whereas
secondary afferents show a progressive decrease 1in fifing
rate (Matthews, 1972, 1973). Primary and secondary

afferents are quite similar in terms of static position

" sensitivity ({change in firing rate / change 1in muscle

length) measured after ‘completion of the adaptation to the
stretch (Matthews, 1972) or corrected for adapsation (Boyd,
1981b), although the absolute firing rate may be slightly
higher for secondary afferents (Hulliger, 1984).

A muscle sﬁindle afferent responds‘to'stretcges over a
wide range of physiological amplitudes in a nonlinear

manner. An afferent is much more responsive to stretches of

1y



small amplitude than to large stretches (Matthews, 1981a).

A linear range does exist for the small amplitude stret‘hes
to which the afferent is highly sensitive (Matthews & Stein¥
1969) . Within this range, the primary afferent 1s about 5
to 10 times more sensitive than the secondary afferent
(Cussons et al, 1977). Howevér, there 1s no large
difference between primary and secondary endings in the
relative sensitivity to length and velocity for small
amplitude stretches at physiologically important

frequencies, as determined by frequency response analysis

(Matthews & Stein, 1969). The linear range for primary
afferents 1is up to about 0.1 mm for 1 Hz sinusoidal
stretches  and decreases with 1ncreases in frequency
(Hulliger, 1984). The sensitivity of the primary afferent

to small stretches within the linear range is# 10 to 100
times the sensitivity to large amplitude stretches
(Matthews, 1981b). The cohstant high sensitivity to small
stretches, and the progressive decrease in sensitavity with
increases 1in amplitude,outside the linear range, is known as
gain compression nonlinearity (Hulliger, 1984) .
Functionally, it allows the primary afferent to adequately
signal the occurrence of small movements and gﬁt be
éaturated du:ing thge progression of large movements
(Matthews, 1981b). 8

The reason for the quite different sensitivity to large
and small amplitude stretches is due to the existence 6%

cross-bridges at the poles of the intrafusal muscle fibers

(Hulliger et al, 1977a; Matthews, 1981b). The stiffness of

1e
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the attached,cﬁpss;bridges results in small stretches being

transmitted‘mainly to the central‘sensorial region. During .

¥

large stretches, however, the cross- brldges break arnd reform
SO that part of the length change is taken up in the polar

reglons Follow1ng a large stretch,” the high sensitivity to
# L .
.small stretches is reset, (Matthews, , 1981b). During a slow
P
.gradual stretc&ﬁﬁqthe hlgh sensxt1v1ty to small stretches 1s

y
,,ﬁ-.‘ N
S

not malntalned (H ulllger, 1984) .

3.2.3 STATIC AND DYNAM&C FUSIMOTOR ACTIONS

Contraction of the intrafusal fibers extends the

sensory ,enQings and affects the response to muscle length

changes.fn This has been investigated by the technique of

o

stimulating single“\q-motoneurdns in the ventral roots and

recbrding ff&m single afferents>affected by the particular

<

. r \
y-motoneuron, while applying muscle stretches,(BOyd, 1980) .

Under - static conditions, repetitive stimulation of 'a
& . ‘ . )
 dynamic . y-motoneuron (7D) causes a small increase in the

primary afferent rate((Matthews, 1972; Boyd, 1980, 1983). A

static ~y-motoneuron (y.) has a stronger direct excitator
_ Tg ! he . g Akl Yy

effect on spind&e actiyity (Matthews, 1972, -1981a; Boyd,
1980, p19§3; lHu?liger; 1984) It Lmay drive the‘°primary

afferent}% i{e.,"cause. the afferent to fire once form ‘each

’stimulation pulse (Beyd,‘ 1980, 1983). The firing rate of a

“secondary afferent is 'increasea"by static, y-motoneuron

stimulation.,. The  static position sensitivity of the
3 ' ' .

secondary afferent is also often increased, but it may be

‘decreased or not altered at all (Boyd, 1980, 1983; - Jami &

~ Eix
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(Boyd, 1980; Hulliger, 1984). | g X

Petit, 1981; Hulliger, 1984)..
During ramp stretches, thé ve1ocity dependent response
of t%edpfimary afferent, asséésed by the dynamic index, 1is

increased by stimulation (Crowe & Matthews, 1964;

’Dp -,
Matthews, 1972, 1981b) but is usually decreased by Tg
stimulation (Brown et al, 1965; Matt%@ys, 1981b; Hulliger,

1984).  Stimulation of a 74

length sensitivity of the primary affe:entymeasuted during

.o C ‘ e b
the ramp movement (dynamic positibdn sensitivity g much. more

than any+ effect it may have on the static position r

sensitivity (Crowe & Matthews, 1964; .Boyd, %980; Matthews,

1981b).  With' stimulation the  dynamic position

5

" sehsitivity approximately eéuals the static position

sensitivity * (Matthews, 1981b). Stimu ation of a K7s is

Tt o . B
also markedﬁy increases the

17

%

effective at preventing the silencing of the primary

afferent during the release phase of- the ramp - stretch

(MatthewSQ 1972, 1973). The dynamic responsiveness of the

secondary afferent remains low during fusimotor stimulation '

Vi
{

To ,émall sinusoida® muscle stretches in the linear

response range and at functionally relevant frequencies

(less than 20 Hz), the sensitivity of the primary afferent
is decreased by eitherlyDbor Tg stimuiation. The reduction
of sensitivity by 7S-stimulation is’much 1arger!_ falling to
less than 20% of the value with no fusimotor stimulatioh,

compared to a decrease to 70% withlvD stimulation .(Goodwin

et al, 1975)..  The decrease»,in, sensiti?ity. to small



Wit
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stretches when they are superimposed on a gradual stretch is

stimulation, the

prevented by v, activity. With 7p

responsiveness to sinusoidal stretches of large amplitude

(up™ to 3 mm) and low frequency: (less than -4 Hz) exceeds the

" 18
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passive value. At a f;equency of 1 Hz, the amplitude at

which stimulation increasés the modulation is about 0.2

mm and it decreases with increases in frequency (Hulliger et
al, 1977a). -Qith 7S'stimulétion, the decrease in modulaﬁién
relative to that of the passive ending (when no 7—motoneﬁron
ctimulation is applied), 1is less for large stretches than
smail stretches fHulliger et al, 1977a5; The effect of, Tg
stimulation on secondary afferents during small amplitude

stretches over a range of frequencies is to decreese the

sensitivity. The reduction 'is smaller than for primary

afferents (Cussons et al, 1977). A decrease 1in the stretch.

modulation: of the secondary afferent activity has also been
found for large amplitude sinusoidal stretches at 1 "Hz
(Cussons etjal, 1977). However, stimulation of some static

y-motoneurons has resulted in an increase in sensitivity to

large.amplitude stretches (Jami & petit, 1981). Sécondary,

endings are not often influenced by T -;stimulation

?

(Matthews, 198 b).

3.2.4 MECHANISMS ‘\OF' FUS'I MOTOvR ACT] ONS‘

Ho& the functionally defined static and dynamic 7~
motoneuréns achieve théir actions can be attributed to
differences in the propertieé and innervation of the

intrafusal fiber types. Such differences have been deduced



y ‘ .
from histological and physiological experiments on the

ieelated muscle spindle.

The bag, fiber is unique because it exhibits mechanical
creep. Following an extension,” which is maintained, the
Sensory spirels creep,back; shortening, over a 1 to 2 second
period,‘andvthe firing rate of the primary afferent declines
iﬁ parallel. This phenomenon 1is presumably due to a
temporary increase in etiffness at thelpoles, induced or
faeillitated bv the stretch. The stiffness then decays at
.the end of the ement, gradually'decreéging the extension
that 1is transferred to the sensory spiral, as the poles
gradually lengthen the same ‘amount. The 1increase in
stiffness may result from an enhancemeﬁt of cross-bridge
'formation_ by the stretch, either directly, or indifectly
mediated by stretch-induced membrane depolarization (Boyd,
1980, 1983; Matthews, 1981a,b1981b©ﬁulliger, 1984). This
characteristic of the -bag, fiber can account for the
Aifference, between primary and secondary afferente,,in_the
dynamic sen51t1v1ty to large stimuli. Any terminals from a
"secondary afferent on the bag1 fiber are located on a reglon
"with more myofilaments and so would not be af?ected in the
same way (Banks et al, 1981). |

Activity in a dynamic y-motoneuron innervating the bag1
fiber results in increased stlffness of the fiber durlng ‘the
stretch, so that the central sensor1a1 reglon is extended by
a greater amount than occurs in a pass%@eﬂ fiber 'and the
ensuing creeplfis larger. The increased stiffhess of the

active bag1 fiber may be due to the attachment of cross-

BT



bridges with a slow rate of turnover (Matthews, 1981a;
Hulliger, 1984). This can explain why o activity augments

the dynamic response'bf the primary afferent (Boyd, 1980,

’

1983: Matthews, 1981a, 1981b).
A slow local contraction occurs in the polar region of

the bag1 fiber in response to stimulation of a axon.

’p
This extends the primary spifal ending by only about 5% and

is responsible for the small increase in impulse rate under
Wstatic conditions (Matthews, 1981a;'Boyd, 1883).

Stimulation . of a axorn causes a strong fast local

7s

contraction of the bag2 fiber which extends the primary

spiral ending by about 20% and 1is responsible for the large .

bias in firing rate at any muscle length. "~ When the muscle
is simultaneously stretched, further extension of the spiral
"end}ngwis limited, probably by the stiffness of the extended

central region.  Possibly for this reason, and because of

the more rabid rate of cross-bridge turnover and the lack of’

creep, during 7g stiTulation the modulation in rate produced
by 'sinusoidal stretch is relatively small and the dynaﬁic
position sensitivity of the primary afferent is similar to
the static positioﬁ sens%tivity (Boyd, 1980, 1983).

Fast contracting chain fibers respond with 'propagated
aétion potentials and twitch contractions to Tg stimulatidn.
The résulting twitch- extensions of the primary ending
account for the driving of the afferent when the activated

Yg @xon innervates the chain fibers. =~ The variation in Tg

action on the sensitivity of secondary endings could partly

!
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be due to differences in the type and number of intrafusal

fibers innervated by the‘v—mozoneuron (Jami & Petit, 1981).

3.2.5 FUNCTIONAL IMPLiCATIONS OF MUSCLE SPINDLE CONTROL

The primary ending encpdes'some combination of length
and velocity informatiop. Because of the high sensitivity
toA movement of this receptor, the central Aervous system
~(CNS) can quickly be made aware of a develeping length
change and so smell perturbations caﬁ be rapidly corrected.
This dynamlc responsiveness 1is regulated by - the fusimotor
eystem, it 1is set to a high level by 7y act1v1ty and to a

low level by g activity. During combined and

s ’p
activity, the primary afferent is moderately sensitive  to
iarge 'movements, but 1is relatively insensitive to small
mevements (Hulliger et al, 1977b). The primary afferent can
be prevented from falllng silent during muscle shortenlng by
7; act1v1ty and also, but not as effectively, by D act1v1ty
under some conditions (Morgan et al, 1984)*

The secondary ending, because of its low responsiveness
to dynamic stimuli and consequently itsvability to -follow
length decreases as well as increases, seems sqiled for
proyiding the CNS Qith continual information pertaining to
muscle length. Its relatively low sensitivity allows 1t to
signal a wide range of muscle lengths without beeeming

- : g
" saturated.
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3.3 MUSCLE SPINDLE AFFERENT ACTIVITY AND

FUSIMOTOR CONTROL DURING LOCOMOTION

)

The activity<of single muscle spindle afferents during
locomotion was first ;ecorded in mesencephalic cats (Severin
et al, 1967) . Primary afferents‘from an ankle extensor
fired at high rates not only during F, but more especially,
during E2 and E3.(Severin et al, 1967; Seve{{$, 1970). The
occurrence of fusimotor activity, concurrent with

skeletomotor activity, was reguired to explain the high

firing rate during stance, when the active muscle léngthened

briefly and fhen shortened (Severin, 1970).
oo
in the decorticate cat, a-vy coactivation was

demonstrated 1in tibialis anterior and gastrocnemius of the

hindlimb (Perret and Buser, 1972), and in biceps bracchi,
triceps bracchi, subscapularis, and teres major of the
forelimb (Cabelguen et al, 1984). With the muscle held

isometric, the primafy afferent rate in each of the forélimb
muscles was modulated 1in phase with the homonyméus EMG
(Cabelguen ‘et al, 1984). For the experiments with
gastrocnemius and tibialis anterior, in yhich the
contralateral antagonist EMG was used for compgrison, the
afferent ratevwas strongest in phase with this activity, at

about the time of the isotonic contraction of the homonymous
| \

muscle. The modulation in rate was greater for the ankle’

flexor (Perret and Buser, 1972).
In the acute spinal cat administered Dopa, simultaneous

activation of ‘alpha and gahma motoneurons, in both ankle

22



flexors and extensors, was inferred from studies of the
primary afferent activity during stepping movements, and

from the fusimotor activity .during fictive locomotion

(Sjostrom & 2zangger, 1975, 1976). Thus the spinal central

pattern generator for locomotion can cqntrol the activity in
gamma, as well as in alpha motoneurons. ‘ i,

The. investigation of muscle spindle activi%y ‘during
normal locomotion had to await.the development gf single

unit recording techniques suitable for chronic use in the

_ ’ v . . g
intact, freely moving‘cat (Prochazka et al, 1976; Loeb &

Duysens, 1979). A primary afferent from an ankle extensor

%

" generally firé@,at a high rate during F followed by a much

reducednrate in E1. A burst of impulses at the time of foot’
contact decayed to a moderate put decreasing firing rate in
E3. The afferent firing rate during the step cycie was thus
predominantly related to changes in muscle length (Prochazka
et all 1976, 1977).’ However, during E1, E2, and E3 the
afferent was more active than-during manually replicated
length « changes with the cat functionally de-efferented by
deep barbiturate angsthesia. A fairly moderate level ofv7-
motoneuron activi£y, possibly both static and dynamic, was;
concludéd to -occur concomitantly‘ with ';he a-motoneuron
activity in ankie extensors. The higher firing rate observed
during the support phase for the mesencephalic preparation,
relative tg the intact cat, could have resulted from the
effects of hip fixation in the mesencephalic cat (Prochazka
et al, 1877). The firing rate of a secondary afferent from

an ankle extensor closely reflected the muscle length
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throughout the step cycle (Loeb & Duysens, 1979).

The  primary afferents studied from ankle flexors (Loeb &
Duysens, 1979) fired more quickly during rapid shortening of
the active muscle in the F phase than during passive
lengthening in the E! and E3 phases. Strong modulated
activity iﬁ‘ys motoneurons accompanying the activity in a-
motoneurons could explain this (Loeb & Duysens, 1979).

Afferents from muscles controlling the other joints
have shown diverse behaviours (Prochazka et al, 1976; Loeb &
DuySens, 1979; Loeb, 1984). The type, timing, and dégree of
fusimo;or a;tivity in a muscle may depend on the function of

that muscle in locomotion (Loeb & Duysens, 1979; Loeb,

1984). For example, a-y coactivation involving static -
! s . R .
motoneurons in flexors and dynamic y-motoneurons in
y -

exgensors has been suggested (Loeb &-Hoffer, 1981).

/ Three vdifferent approaches have been used to try ¢to
m&ye clearly determine the relative contributions of the
st;Yic and dynamic systems to the fusimotor activity during
walking; ~ Afferent responses to applied stretches were
‘examihed during locomotor activity in the deco;ticatE" cat.

In the first of these experiments (Perret and Berthoz,

1973), because the muscle stretcher was not controlled by a

displacement servo, observations were only made in the’
absence of contraction of the muscle from which the afferent

" activity was recorded. In response to 4 mm sinusoidal

stretches, the primary afferents in gastrocnemius showed a

cyclic increase in their dynamic response, while afferents

24



in tibialis anterior showed a cyclic decrease in the stretch
induced modulation-at a high mean rate. These results were
interpreted as being due to a phasic Tp action in the ankle
extensor and a dominant phasic Tg action 1in the ankle
flexor. More recently, (Cabelguen, 1981), responses to
sinusoidal and ramp stretches were examined in experiments
in which muscle contraction was allowed to occur.‘ One
hindlimb was fixed .and the muscle of interest held

isometric, except for controlled stretches. The cat walked

on a treadmill with the other three legs. The previous
conclusions were confirmed and extended: a strong phasic 5
action accompanied by a weak Tg action occurred in

gastrocnemius spindles, and a weak dynamic but strong static
action ’in phase with the EMG was claimed for spindles in
tibialié anterior. . When the cat was not walking, one
gastrocnemius afferent showed the possibility of a Tp with
perhaps a weak Tgr influence. For the proximal bifunctional
muscles, the static and dynamic fusimotor - actions were
balanced.

Hoﬁever, Cabelguen's experiments (1981) suffered from
several 1limitations. The'interpretatipn from the primary
afferent recordings of the type and 'strength of fusimotor

\
on anestpetized cats have shown that static .7-ﬁotoneurons
can have a variable effect on the dynamic response to large
ramp sfretches (Brown et al, 1965). In combination, the
action of one typevof y-motoneuron may at times be ‘occluded

by the action of the other type (Hulliger et al, 1977b).

-
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Maintaineq spindle afferent discharge during muscle
shortening 1is not necessarily indicative of a static 7~
motoneuron action since b stimulation has also achieved
this (Morgan et al, 1984). Secondly, the long period of the
applied length changes limited the number of different times
within the step cycle period that the spindle'response could
be determineé. The variability of the step cycle period

prevented reliable correlation of spindie responses with EMG

activity. Furthermore, the effect on the spindle response

of internal shortening of the extrafusal fibers during the
isometric muscle contractions was ignored.

Recently, a simulation technigue has been used to
deduce the fusimotor activity in the soleus muscle during
cat locomotion iAppenteng et al, 198 ¥ “liger et al, 1984;
Prochazka & Hulliger, 1983). In anesthetizéd cats, the
muscle length andl tension changes of locomotion were
cyclically reproduced with different ' patterns of v~
motoneuron stimulatipn. The spindle behaviour was compared
to that ‘during normal walking.iu&Satisfaqtory matches were
obtained sometimes with tonic Tg stimulation, sometimes with
tonié Tp stimulapion, and occasionally with combined tonic
and EMG-modulated stimulation patterns. However,‘ih no case
was a satisfactory match of ;he expérimental records made
without any ~y-motoneuron activity or with modulated
stimulation alone used in the simulation. From these early

results, the occurrence of tonic y-motoneuron activity, and

hence some independence -of alpha and gamma activation during

26



normal walking, was concluded. Very recently, in a case in
which tonic Tg stimulation provided a good match, the
addition of modulated Tp stimulation was found to maintain

the good match wunless the modulation was very large

i

(Hulliger, persognal communication).
;‘%‘dynamic fusimotor activity has had to be

Static a

deduced from single afferent recordings due to the

difficulty of recording from single, functionally
identified, y-motoneurons during locomotion. Because such

an indirect method relies on various assumptions concerning
the spindle response, the inferred Tn and Tg activity has

remained inconclusive and controversial.

However, the challenge of recording directly from
single "identified ~y-motoneurons during locomotion has
recently been met (Stein et al, 1983; Murphy et al, 1984).

Premammillary cats walked with three legs on a treadmill.

The fourth limb was fixed in place and dissected single -~

motoneurons were recorded from cut triceps surae nerves.
The {iqing rate of one type of gamma axon was low at rest,
10 + 6 imp./s (mean * S.D.). During walking, the firing
rate was markedly increased, to 56 % 10 imp./s, but showed
relatively little modulation (13 * 5 imp./s) within the step
cycle. The other type of gamma axon had a higher firing
rate at rest, 44 + 16 imp./s. The mean rate during walking,
36 + 9 imp./s, was not significantly different from the
:esting discharge. Hodever, the rate was highly modulated
(27 + 8 imp./s) with each step (Murphy et al, 1984) . The

fusimotor axons were termed tonically-modulated, Yo and

o
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phasically-modulated, 7 respective%*. The peak'*yt firing

p'
rate preceded the peak EMG, whereas the peak 7p activity

occurred about one-third of the step cycle later, near the

time of peak tension.

The correspondence of tonically-modulated and
.phasitally—ﬁodulated axons with static and 'dynamic v-
motoneurons  was determined in dt?er cats using nerve
branches and ventral roots maintained in continuity (Stein
et al, 1983; Murphy et al, 1984). 1Identification of static
and dynamic y-motoneurons was achieved by recording the
primary afferent éctivity in fine branches of the LG or MG
nerves. The stretch responses, with and without ventral root

stimulation of a functionally single y-motoneuron affecting

the spindle, were compared. The resting firing rate of each.

idéntified single y-motoneuron was then recorded from the
nerve branch following section of the other wventral root
filaments and of the muséle nerve distal to the recording
site. The six static y-motoneurons studied all had a low
firing rate and the two dynamic y-motoneurons both had- a
Pigh firing rate, indicative of xt‘ and p axoné,

respectively. From this and other more indirect evidence we

concluded that the tonically modulated pattern of - activity

occurred in static y-motoneurons, and the phasically.

modulated pattern of activity occurred in dynamic Y-
motoneurons. Since +y-motoneurons influence the bias and
sensitivity of the muscle spindle, the functional

implications of these findings must be ascertained by direct
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recordings from mdscle spindles during locomotion in the
premammillary cat.
This challenge provided the impetus for this thesis.
Because spindle activity is de€termined in a complex manner
by 1length changes and fusimotor drive, the muscle was held’
gsomqgric to separate'the‘fﬁsiﬁotor effects from the effects

/ - ,
of the 1zcomotor length changes. Controlled stretches ware

" applied to the muscle to determine the sensitivity of the
| spindle to stretch at different times in the step cycle;

Since secondary afferents are only affected by static v~

motoneurons and primary afferents are affected by both

static and dyhaé?; y-motoneurons, , their stretch responses

were compared to provide additional evidence for the

identification of the fhsimotor activity patterns described

for the premammillary cat.  To detlermine the effect of

static and dynamic y-motoneurons on the mean rate and

sensitivit; of primary ;fferents, single identified ~-

motoneurons were stimulated at steady’rates in anesthetized

cats while applying muscle strétches ana recording from,
single primary afferents. Pairs, consisting of a static and

a dynamic y-motoneuron, were also stimulated with the rate

patterns observed during walking. These experiments 1in

anesthetized cats were done to providérla basis fof

interpretation of the changes that occurred during walking.

’ )

/
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CHAPTER FOUR_
. STRETCH RESPONSES OF MUSCLE SPINDLE AFFERENTS

v . DURING LOCOMOTION

—

£ METHQDS
' AN B

k ~ A

4.1.1 EXPERIMENTAL PROCEDURE e _ 3

Forty-one adult cats were used in acute experiments for
. L1

PR R .

the 1nvest1gatlon of muscle\ splndle ‘responseS during
locomotion. The cats, of e1ther sex and welghlng 2.0 to 5.0
‘kgL~ were _anesthetlzed\w1th halothane delivered.in gaseous’
J form mixed with 95% O, and 5% CQ2.> A tracheotomy was dofiej—._
. 'a common carotid artery’uas cannulated for:monﬁtoring .blood

- preséure,' qnd .an external ]ugular vern was cannulated - for

administering dextran to compensate for blood 1loss. The

W
L3

other carotid attery was- llgated to reduce blood flow to the |
brain-’ and hence minimize bleedlng from the effects of later
surgery. |
A laginectomy was done to expose the L7 and S dorsal
roots whicq ¢ ontaln muscle spindle afferents from soleus.
‘To reduce the act1v1ty ofdafferents from other musclesjwhich
'travelf’in £he L, and S1vdorsal.roots, the muscleS of the
left hlndllmb and tall ] ekCluding soleus,  were denervated.
"The soleus muscle of the left. hlndl1mb was freed - from the
surrounding muscles and 1ts tendon detached along withv a
’ small piece of the calcaneus i An EMG electrode was sutured_

tor the - muscle " In early experlments, 8 .SllaSt1C cuff

electrode was placed around the Soleus nerve. Since this »
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cuff someﬁymes blocked the nerve hook eledtrodes were later

used 1nstead
The oet was mounted\in a stereotaxic ‘frame over a ,
.treadmlilar_A_ vertebral clamp and pins at the iliac crests.
held the cat in position and partlally supported its- we1ght
Knee pins held the left hip slightly extended and the ‘knee
flexed. : A foot‘mclamp allowed the soleus muscle to be
immersed in a pool of pé?affin oil.r An oil_pool was also
formed around the spinal 5§}d. Parts of the L, and S, dorsal
roots were cutdand reflected for later recording. The
temperature of the 0il pools was malntalned near 37.5°C w1th
“radlant heat. Local‘anesthetlc, Novocaine, was applied to
the cut skin surfaces and injected around the hip bars to

o

minimize paln sensatlon

The cat was red;ced to a premammlllary preparat1on. To
) do this, the cortex  was removed and thev brainstem’ was
sectioned 'from juet rostral to the superior’ collf!ulUs to
.jUSt rostral to the mémmillary bodies.' Gas anesthesia was
discontinued.-l The perceptlon. of pain is thought to be
absent ‘&ﬂ tte premammlllary cat as it"is _im. other'
decerebrate =gpreparatlons. ~ The advantage of the
premammillary preparation 1is dts ability to spontaneously
initiate periods of locomotion. We favoor the premammiilary
preparation over the mesenoephalic preparation, which oan
produce locomotor‘ activity in’ res nse to appropriate
electricallstimuletion, because we hth_fOUnd walking in the

former preparatlon to be more reliable and regular. Aiso,

there 1s no stimuylus’ artefact to 1nterfere with the recorded
. G
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Functionally single muscle afferents “were ‘dissected

from the cut dorsal roots and recorded on hook electrodes.
The responses to twitch contractions.elicited by stimulation
.of the soleus nerve were used to d1st1ngu1sh muscle splndles

from tendon organs. Conductlon velocity, and the response

to large 'ramp st%etches, were used to identify a spindle

afferent as a primary (Cv: 75-117 m/s, n=21) or a secondary.

(Cv: /23 69 m/s, n=8). Conduction velocity was calculated
N

from measurements of the dlstance between the soleus nerve
and dorsal root electrodes, and the conduction latency when
the soleus nerve Qas.stimnlated. The values for conduction
. velocity were corrected to 37.5°C using a Q40 of 1.32 (Franz
& Iggo, 1968).

The soleus tendon was connected to a strain gauge, for
tension measurement, “in series with a. torque motor. A

potentiometer attached to the torque motor provided a

meaéurement of muscle length 'Negatlve length and velocity

1nformat10n was fed back to the torqgue motor This allowed
the torgque motor to be used to apoly controlled~ sinusoidal
or .ramp stretches to the muscle, or to hold the muscle at
constant length.  The mean muséﬁe length was adjusted to the
length at which the tw1tch tension was max imum. The
sinusoidal“~stretches were of 4 and 10 Hz, and between 0.15
- and 0,72 mm in amplitude (1/2 peak to peak). The ramp

/-3‘7
stretches and releases wete applled%gs a constant velocity

between 15 and 20 mm/s ‘over a dlstance between 1.5 and 1.7

-
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mm. The period of one cycle was 600 ms. .

The cat walked with three legs on theé moving  treadmill
belt. Stepping movements usually started when the treadmill
was turned on and stopped when it was turned  off.
Appropriately t imed bﬁrsts of activity occurred 1in the
soleus muscle of the fixed hindlimb. Sinusoidal and ramp
strétches were -applied to the soleus muscle whileqthé cat
was walking amd also while it was.standing;qﬁietly. | During
the period of locomotion, the stretches oCchred ‘at all
phases. of. the step cycle.

The tepsién,v length, and.EMG signals, and the neural
activity from the dorsai“root filament were processed,
monitored on oscilloscopes and a pen recorder, and along
with a marker fo; the stretch cycle, fecordéd with an FM
tape recorder. The initial processing entailed suitable
amplification of the signals for the 5 volt range of the

_tape recorder. Before recording on tape, the EMG signal was

high pass filtered to remove the movement: artefact. The

neural activity.was also high pass filtered to improve the

signal to noise ratio - by = reducing the V"erl.ine
N . , ) . , o »
interference. Sy
' &
4,1.,2 ANALYSIS
offline, the EMG signal was rectified and smoothed with

low pass, RC (50 Hz) and Paynter (30 Hz) filters (Gottlieb &

Agarwal, 1970). This signdl was used to produce step cycle

markefs from a Schmitt trigger. So that only one pulse

e

occurred per cycle, the duration of the pﬁlse that ' was

.33



triggered when the EMG exceeded a preset level,ﬁwaé adjusted
to be longer than the burst of EMG activity. A brief marker

was generated at the start of each trigger pulse.

The neural signal was bandpass filtered, if-necessary,

so that the identified afferent could be reliably
distinguished from the background noise and any other
afferent activity. An acceptance pulse was produced on each
Occurrence of the signal through an adjustable amplitude-
time window. In this manner, the analog spike train was
represented digitally.

Eﬁg. 1 shows a typical example of the processed signals
and mérkers fom a period of locgmotion during which 4 Hz
sinusoidal stretches were applied. Although the EMG signal
was shifted in time with‘réspéct'to the other signals as a
result of the filtering, this lag_was-short (26—25 ms)
compared to the duration of the step cycie'(greater than,SOO
ms) . It 1is readily apparent that the frequency of the

sinusoidal stretch was not_synchrohized with the frequency

3
3

of the stepping, so that during a walking fsequenée the
stretch occurred at all times in the step cycle. The
sinusoidal length change slightly modulated the force

produced by the muscle. The system had some compliance so

that the sinusoidally varying muscle lengtA\ZZib influenced
cyclically by the muscle contractions. » ever, the

variations in amplitude of the sinusoidal length change were
sufficiently small (less than.0.02 mm) so as to be of little
consequence.

~—

Averaging of analog signals, and the geheration of
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EMG M M~ L odpy

step &
stretch
markers

Length \/\/\/\/\/\W ] 0.6 mm

4

Force _W 1 10 N

Impulses

Figure 1. Recorded signals from a period of walking.

The rectifieéwghd filtered soleus EMG was used to generate
markers  of the 'steg‘ cycle. The muscle was stretﬁhed
sinusoidally at 4 Hz -and stretch cycle markers were
recorded. The 'Step and gtretch cycle markers were-used to
C T .. .
trigger the computer sweeps for the step cyqlg and stretch
tycle averages, respectively. The actively generatedymdScle
“force affected the resulting. length change and the

sinusoidal stretches affected the muscle force. The

impulses of the primary afferent are shown here as dots.

A
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cycle histograms from the afferent pulsés, was achieved witﬁ
a PDP 11/34 computer. To generate the cycle histogram, the
afferent impulsés in each of the Bins following the = trigger
pulse were counted. The number of pul;es was divided by the
number -of sweepgzzzd the bin width, so that the average

afferent activity could be displayed as firing rate, 1in

units of. impulses/s. Although this is referred to as a

. cycle histogram, it is more correctly termed a pfobab%lity
density function. <« The valué in each bin was averaged wiﬁh
the values in the two bins on either side. ‘ Thi's fivg point
running average reduced the scatter, resulting in a smoother
histogram.

To' determine the ‘response of the afferent to the
apﬁlied length changes, the stretch markers were used to
‘trigger the sweeps of the computer. The spans of the
stretch cyclé histograms and the length and ténsion

averages, which were _ computed simultaneously, were set

approximately equal to the period of the applied stretch.

An example is illustrated in Fig.( 2. The afferent response

to sinusoidal stretch was fitted with a curve by the method

'of least ‘mean squares (Sokolnikoff & Redheffer, 1966) using

the equation‘y = a sin(2nt/T) +'b cos(27t/T) + c. in this
equ%tion,~ y is the afferent respohse at any time, t, to a

stretch of period, T. The amplitude, ;/(a2

o+ b2), where a
and b are the sine and® cosine coefficients, and the mean, c,
of the fitted curve, were used as measures‘of‘the modulation

in rate and the mean impulse rate. The modulation in rate

N
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Rate (imp./s)
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Length (mm)
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o S 250
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Figure'z. Stretch éycle averages. The fesponse of a
1] .

primary afferent to 4 Hz, 0.31 mm sinusoidal stretch during

walkinngas'averagéd, and the smoothed histogrém was fitted

with a ~ curve. Length and force were averaged

simultaneously, with each compufer sweep triggered by &

stretch cycle marker. S
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was expressed.'in terms of sensitivity by dividing the

amplitude of the fitted sine by the average amplitude of the

length change. Because of the nonlinear behaviour of the

afferent, and the different amplitude of the applied length
change in different experiments, per cent changes in
sensitivity were compared, rather than differences 1in
sensitivity directly.

To assess the muécig'spindle activity during the - steb
cycle with respect to the EMG and tension changes, each
" sweep of the computer was triggered‘by a step cycle marker.
The EMG and tension signals were.averaged concurrently with
the computation of the sfep cycle histogram. This 1s
illustrated in Fig. 3 for the same primary afferent that is
shown in Fig. 2 and during the same period of walking. The
bin widﬁg/;;§>usuélly selected so that the 256 biné.of the
sweep included slightly less than one step cycle. As much
of the step cycle as possible was shown without g;eatly
reducing, due to ‘the processing time of the computer, the
number of steps averaged.

| To examine how the sensitivity to stretch varied at

different times within the step cycle, a more complicated

method of analysis was required. The step cycle was divided

o

into 14 parts and the afferent response to sinusoidal length

changes was determined' for each part. Histograms,

originating at the time of the stretch marker and extending
3 .

‘over one step cycle, were computed from the afferent

respénses to all the stretches which began in the same one-

fourtéenph of the step cycle. In Fig. 4A, the first

38



100
w
fo
E
e
[4+]
o
0
0.5+
S
E
O
>
(V8]
' >
0 _—
10 - 5
m»“u_. —_
&
m []
> O
o]
L
715

Time in step cyc|'e (ms)

»
-

Figure 3. %tep cycle averages. The activity bf the

same primary afferent as in Fig.. 2 was averaged over the

step'!?cle and then smpothed. Stép cycle markers triggered

the sweeps for the histogram and also for the averages of
the EMG and force. The traces span 715 ms, which 1is

slightly less than the mean period of the step.
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Figure 4. A. Separate histograms of the impulse rate of
a primary afferent for 14 phases of the step cycle. Each
starts at the time of the stretch cycle marker. The
stretches began 1/14 of the step cycle (54 ms) later for
each histogram. Each histogram extends over the period of
one step and so includes the respénse to about 3 cycles of
stretch. B. Step cycle histogram which eﬁfends over 2 step
cycles. The appropriate portion of it, 1 step cycle 1in
duration, can be subtracted fréﬁ:each of the 14 histograms

in A. Calibration bar = 100 imp./s.
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histogrdm shows the afferent activity when stretches began

0-54 ms—after the step cycle marker. The stretches started

after the step- markers by increments of 54 ms for each
successive histogram. For example, the seventh and
fourteenth histograms are the average afferent responses for
stretches beginning 324 to 378 ms, and 702 to 756 ms,
respectively, after the start of the step. The histograms
in Fig. 4A were dependent on both the locomotion induced
activity’and the stretch induced activity. The mean firing

rate, which reflected both of these influences, could be

b, : . : . -
5/6bta1ned from the portion of each histogram corresponding to

one stretch cycle. I1f plotted against time in the step
cycle, the resulting representatibn should resemble the
overall step cydle histogram. However, to obtain the

modulation in afferent rate due solely to the stretch, the
average response over the step cycle was subtracted from
each histogram. Because each of the fourteen histograms
gtarted at a different time in the step cycle, the step
cycle average (Fig. 4B) had to be shifted appropriately
before it was subtracted. This was pdssible becaﬁse the
overall average in this procedufe was computed over two step
cycles although tbe bin width Qas still equal to that . for

the fourteen histograms. Following subtraction;. the spans

of the fourteen histograms were adjusted so that just one

stretch cycle was included. Each of the histograms was then
fitted with a sine curve (Fig. 5) and the modulation in rate

determined. In this manner, the responsgs at different
e
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Figure 5. Curve fitted, stretch cycle histograms for
14 phases of the step éycle. The éverage activi;y during
the step (Fig. 4B) was subtracted from each of the traces in
Fig. 4A to leave the afferent response to the stretch alone.
-The response to only 1 cycle of stretch is illustrated.
Calibration bar = 100 imp./s. The EMG is shown on'the right
and the time of the peginning of each of the 14 éhases is
indicated. The time in the step cycle increases from top to

bottom. o
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times 1in the step cycle could be compared. A similar
analysis, without the subtraction procedure, coud be used on
the length 51gnal to determzne’fhe amplltude of the stretch
‘in each of the fourte‘m parts. Because the var1at1on in
amplltude was found be small, this was not usually done,
and the results were not! dlstorted when 1nstead the " average
length change was used to calculate sensitivity.

"Ramp ’stretches_ were not used to Study changes within
the.step cycle because ofkthe long durationf 600 ms,‘of one
stretch cycle. | | |

”’)i> The valldity' of the foregoing procedure was “checked
using - known inputs to an“electronic vneural' analog. The
neural analog was adjusted to generate.a steady{ traan uof

impulses ‘at 40 1mp /s This rate was Jmodulated_ by = two

51nu501dally varylng 1nputs. One, a 4 Hz' 51nu501d was mean-<

-~ to imitate the effect of stretches, and modulated 'the mean

'

rate by + 10 1mp /s. The other, a 1.5 Hz sinusoid, was

meant ‘to imitate the effect of stepplng on the mean rate,
and modulated it by + 30 imp./s. UThe steady‘rate of the

neural analog was modulated by the sum of the two s1nu501ds

¢ -,

The procedure explained above, for determinlng‘the" stretch

-~

sensitivity at different times in ‘the step cycle, was

. implemented.  The modulation in rate was found to be the

same, 10 imp./s, -in all the fourteen histograms, so that the
‘sensitiVity was constant, as expected. Thus the spbtractlon

of the overall step cycle average, approprlately shlfted

does 1ndeed result in the. rate modulatlon ‘due to the stretch

alone. oo ST ¢

.‘



So that the sen51t1v1ty would vary, the two- 51nu%®1dal
signals were multiplied before modulating the rate of/ the
neural analog. - In this case, subtraction of the step cycie
histbgam did not resulé in a constant modulation of impulse

rate.

4.2 RESULTS

I

'Twenty—one primary and eight secondary 'soleus muscle
spindle afferents were studied fsom premammillary cats which
walked with three legs on a treadmill. Cgﬂirolied stretehes
were apﬁlied to the soleus muscle of the fourth limb.
Aithouéh kthe length changes of stepping were prevented 1in
- that hindlimb, tﬁe soleus muscle noﬁetheless contracted with
the . walking rhythm. The EMG, force, length; and neusal
_signaié, and markers of the step and stretch cycles, are

shown in Fig. 1.

4.2.1 .AFFERE&f RESPONSES WITHIN THE STRETCH CYCLE
U51ng\\heﬁ*tretchﬂcycle markers to average the 51gnals,

the afferent response to the applied stretch was determined.

Fig. ,2 shows the stretch cycle histogram for a primary

afferent and the correspondihg_length and force averages.

The response to 4 Hz sinusoidal stretch when the cat was

4

standing quietly can be compared to that when walking, for a |

primary afferent ‘in Fig. 6 and for a secondary afferent in

.

Fig. 7. ThHe mean rate increased from 22 imp./s at rest to 41

imp./s during walking for the primary afferent, and from 20
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Figure 6. Responses of a primary afferent to 4 Hz, 0.3

ot

mm 51ﬁu501da1 stretch _The stretche§’weré applied while the
cat was at reat %ﬁﬁ and durlng walk1ng (B). 'The sinusoidal

length change 1§ éhown in C.
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Figure 7. Responses of a secondary afferent to 4 Hz,
0.4 mm* sinusoidal stretch. The stretches were applied while
the cat was at rest (A) and during walking, (B). The

sinusoidal length change is shown in C.



--..-;‘~ ?
. N\ ‘
imp./s to 91 imp./s for the secondary afferent. On average,

the abgg/fpte increased by 23 *+ 17 imp./s for the primary

afferents, and by 38 + 25 imp./s for the secondary

1

"afferents. These increases were statistically significant.

at p < 0.001 for the primary}afferents'336 p < 0.01 for the

secondary afferents, using S;udent‘s t test. The modulation
in rate of the\primgry afferent decreased from 32 imp./s 1in
response to 0.33 mm stretches at rest to 14 imp./s for 0.31
mm stretches during walking. The‘modulétion in rate of the

secondary ~afferent to slightly larger stretches decreased

from 23 1imp./s at rest to 8 imp./s during walking. The

 sensitivity of the primary afferent thus decreased by 54%:
-1 -1 '

-1 2

from 97 imp. s mm to 44 1imp. S mm . The sensitivity

of the secondary afferent decreased by 61%iﬂfrom 51 imp. s—1

mn | to 20 imp. s ' mm™'. For all the primary afferents
studied, the sensitivity was reduced during walking by 49 +
26% (statistically -sﬁgnificant at p < 0.001). For 'the

secondary afferents, the reduction was by 33 % 36%

'(statistically significant at @-é 0.05).

4 ~ . s 2 A .
The responses to ramp, stretches = were similarly

: ' S
influenced during walking, as SQ:;? in Fig.. &and Fig. 9.

For both the primary and secondary afferent, the mean rate
wés elevatéd and the dynamic responsiveness was réducea
during the period of walking, compared to the rest period.

' Muscle épindle afferents are af?éc\t*éd,VbY length‘chang.es
¥ana fusimotor activity. Thus, ~ the differences observed

between the rest and walking conditions can be attributed

solely to the differences in fusimotor drive only 1if the
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Figure B. Average responses of a primary afferent to

ramp stretches. The length changes (C) were applied while

the cat was at rest (A) and during walking (B). The cycle

period was 600 ms, the stretch amplitude was 1.6 mm and the

velocity of the stretch was 16 mm/s.
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‘ Figure 9.

Average responses of a secondary afferenmt to
. o '

rémp stretches at rest (A) and during wa1k1ng'(B)...As §hown

in C, the stretch amplitude was 1.6 -m, the velocity of the

st?etch was 16 mm/s, and the cycle per ~d was 600 ms.
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length changes affecting the spindle were the same. Because
. ot

-the length was controlled by negétive feedback, the external

length change was relatively constant for the two

experimental conditions, despite the quite different
activation states of the muscle.
However,. during walking, the muscle fibers shortened

internally as the muscle contracted and regained their

original length as the muscle relaxed. The muscle spindle

would be affected by these internal changes. To estimate the

~amount of internal shortening that occurred during walking,

the average muscle stiffness was calculated by dividing .the
amplitude . of the stretch cycle-averaged force change by the
amplitude of the stretch cycle-averaged lenath change. For

example, 1in Fig. '2, this is the amplitude of the third

trace, 0.60 N, divided by the ambﬁitude-of the second trace,

0.31 mm, The mean force over the step cycle, for example,
the mean of the second pface in Figgﬁ 3, 3.37 N, was divided
by the average muscle stiffness, 1.9 N/mm, to giye"the
average length by which the Qgsclp was internally shortened
during the step cycle. Tbe;&hte;nal shortening calculated
for the wélking period of this examplg was 1.8.'mﬁ. ‘The
internal shortening for all the walking sequences for which
it was calculated was 2.9 + 1.8 mm. The effect of this net
reduction in‘muscle‘lengfh would be to decrease the ”firing
rate. Since the mean réte during walkingkwas greater than
at rest, a relatively strong fusimotor drive must have been

k)

present whetl the cat was walking.
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4.2.2 AFFERENT RESPONSES WITHIN THE STEP CYCLE
Using the step markers, the EMG, tension, and affereng
activity were averéged over one step cycle. Although small
‘stretches were applied throughout the walking sequence, they
'occurred randomly with'respect to the step cyclel markers,
and - did nét affect the stép éycle histogram. In-Fig. 10,
the step cycle histograms from sequences of locomotipn, in
which stretches were (B) and were not (A) applied, are
similar. Appérently, the effecﬁ of the fising pgase of the
stretch on increasing the firing rate was counteracted by
the effect of the falling phase on decreasing it, so that
fhe firing rate was not offset for the period of locomotion
during which the étfetches were applied. In fhis example,,
the walking was more forceful duriﬁg the period in which the
muscle was not sinusoidally strétched, and probably for this
’reasbn the modulation 1in-rate during the step cycle was
greater in B than in A. « |
The activity o£ both primary and secondary afferents
was relatively 1low during the buildup of muscle force "and
increased as thé force declined. On average, the peak
firing rate occurred after the peak in force by 236 i 160 ms
(2¢ + 12% of tﬁé step cycle) for the primary afferents
studied, ‘and by 339 + 120 ms (37 + 11% of the step cycle)
for tbe secondary afferents. The peak in impulse rate -at
that time can largely be attributed to the internal 1length
changes 'prbduced by the isometric muscle contractions.
Examples in which the imbulse raﬁe can be combared to the

muscle force and the rate of change of force, during the
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Figure 10. Average activity of a, primary afferent
during the step cYcle when the mUscle/:;s “held 1isometric
f \
(A), and when 4 Hz sinusoidal stretches were applied (B). —
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step cycle,lsre shown in Fig. 11A for a primary afferent and
in Fig. 11B for a‘Secondary afferent. As the muscle force
increased, the. extrafusal fiBers shortened internally and
unloaded the muscle' spindle. The muscle spindle was
st;etched. back to 1its original 1Ength when the force
declined. Note the close inverse relation between the rate
of change of force, which is associated with the velocity of
shortening, and the impulse rate of the primary afferent.
The primary afferent, which has greéter dynamic
sensitivity, shows a larger wvariation in rate than the
secondary afferent.

The primary afferent in Fig. 3 shows a small peak 1in
firing_krate at the time of the onset of the EMG, but the
primary afferent in Fig. 10 does not . - The early peak 1in
rate, present in 50% of the primary afferents studiled,
preceded thé peak tension by ?72': 263 ms (28% of the step
cycle). Because the active férce'was low then, the early
augmentation in rate can be explained by fusimotor activity
at that time. Variability‘in the[strength of the fusimotor
influencé couldqaccount for the observed differences among

afferents.

4.2.3 SEN’SITIV.ITY CHANGES WITHIN 'I‘HE STEP CYCLE

During the step cycle, the"sensitivity' to 4 Hz
si:Lsoidal stretch was highly modulated for the primary
atferents, compared to the secondary afferents.,” Examples of

the changes during the step cycle in the se sitivity and

‘mean rate are shown for a primary afferent in Fig. 12, and
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Figure 11. Step cycle histograms for a primary afferent
(A) and for a secondary afferent (B). The horizontal 1line
represents the mean discharge rate of the ~afferent when
stretches were applied while the cat was Et rest. The
afferent activity during the stipfcycle can be compared with

the force and rate of change of force.
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Figure 12. Mean rate, and Sensitivity to stret%p, of a
primary afferent during the step cycle. The mean rate and
sensitivity were determined from the average response of the
afferent to sinusoidal stretch (4 Hz,0.31 mm) at each of 14
different times in the step c}cle; Although each value (X)
pertained to the afferent activity over 250 ms, 1t was
plotted atu the time corresponding to the middle of the
stretch period. The gtep cycle histogram  has been
superimposed on the values for mean rate. The horizontal
lines represent the values for mean rate and sensitivity
when the cat was at rest, EMG and force are ' shown for
comparison of timing. Because the period shown is less than
the duration of the average step, the fourteentﬁgpoint:;hés

been omitted.
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sen51t1v1ty ‘or mean rate at that part1cular time in the step

cycle. "The values at each phase were calculated from thg

average response to one cycle of stretch, which for 4 Hz

N\

stretches covers 250 mQL_ The values were plotted at ‘the

v

t1me in the step cycle correspondlng to the midpoint of "the

 stretch. For example,;_the average response to tretches

beglnnlng 0- 54 ms follow1ng the step marker was plotted at

152 ms, correspondlng to the midpoint of the first phase, 27

: o ' J : _
for a secondary afferent in. Flg 13.. Each X represents thgg

ms, plus the tfae\from the stretch marker to the midpoint of’

ki ’ : L
the cycle, 125 ms. Thus the mean rate and -sensitivity for

" those stretches which -started iﬁ the thirteenth and

fourteenth phaseS"were actually plotted-neaﬁgthe beginﬁihg

. 'of the step cycle, since’ the m1dp01nt of the stretch cycle

'occurred early in the next step cycle L 1n the flrst trace57

of Figs. 12 and 13 the step cycle h15tograms have been:

. superlmposed on - the plotted values of -the mean rate. The

close temporal agreement 1nd1cates that the mldp01nt of the

3

stretch, rather than elsewhere in the 250 ms t1me span, was

the best ~time at which to plot the mean and sen51t1v1t{
values.

" § 5

o

or mean- 1ﬁbulseyrate durlng the restlng state . For. the
_primary afferent 'illustrated “in Fig. 12, the peak
sen51t1v1ty ]ust exceeds the resting sen51t1v1ty The peak

Senslt1v1ty was. greater than the restlng se "1v1ty for 5

other primary nafferents. For the 'rem ining 9 prlmary;
.. * £ .u Q .

The horlzontal llnes represent the stretch sensitivity
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K
’ Figure 13.‘ Mean rate, and sens{tivity‘to stretch, of a.
secondéry afferent during the step cycle. Responses to 4
Hz, 0.44 mﬁ sinusoidal stretches were ageraééd at 14
different times in‘ihe-step'cycle. Each X represents the
mean ﬁﬁéé or sensitivity a that.pafti;ular time in .the step
cyclé: The step Cycle histogram.has been superimpoéed on
the wvalues for mean rate. The horizontal lines. ;eﬁreséht

the values for mean rate. and sensitivity when the cat was at

rest. EMG and force are shown for comparison of timing.

N



o
jNe)

(s/ dwn)
aje) UEdW

o

XX)}(XX

| —
s o0
2 (jww,sau 7

Anansuey

v\{‘,

(AW) ON3

(N) 8210 4

Time in step cycle (ms)

14



afferents studied with 4 Hz sinusoidal stretch, the

sensitivity was below the resting sensitiﬂity at all ' times

“in 'the step cycle. The sensitivity was ‘highly modulated

durlng the step cycle for all. the prlmary afferents studied.

The peak sen51t1v1ty to 4 Hz 51nu501dal stretch occurred on

‘average 18 + 18% of the step cycle after the peak in

tension. This dlfference was significant at p < O 05. To
account for the modulation in sen51t1v1ty, a rhythmlcally
varying pattern of fusimotpt activity must have influenced
the primary afferents.,

For most ot the secondary‘affereats, the sensitivity

was ‘decreased below the resting value and was only slightly

modulated. This can be accounted for by a relatively steady
level of fusimotor activity during- walking. The large

~increase in mean impulse rate during walking is indicative

of a high level of fusimotor-activity. o —

N

"Not all the secondary afferentéi however, 'showed the

iflustrated changes 1in sensitivity. The‘peak sensitivity of

three afferents was ‘above the resting = sensitivity, and

'udpr&ng the step cycle the sens1t1v1ty of two of these

1S

afferents.was guite variable.

To improve the time resolution_of the step cycle'
.changes, the ‘rgsponses  of ‘primary afferents to ' 10 Hz
_ sfhusqidal stretches were also studied. ‘Bach value for mean i
rate vaad sen51t1v1ty was obtained from a span of " 100. ms.

rather than 250 ms. The values were agaln plotted at \§ﬁe>

times corresponding to the middlet.of'_the stretch.  An
. BEG 5 . .
4
gl

& problem with using

example is shown in Fig. 14, Howe%?n

61
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"ngure 14. Mean rate, and sensitivity to stretch, of a

primary afferent at 14 different times in thé step cycle.

10 Hz, 0.26 mm

horizontal’ linﬁ%ﬁvrepresent
‘ N

3

sensitiv1ty wheh the cat was at rest.

shown for comparison.

o

sinusoidal stretches were

used. fhe

the values for mean rate and

5 v
The EMG and force are
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stretches of 10 Hz'became apparent. At this frequency the
afferent impulses had a tendency to occﬁr only at fairly
specific phases of the stép cycle. When this ‘phenémenon
known as phase—loéking occurred; the method of analysis
resulted in the amplitude of the‘fitted ;ine changing in
proportion to the mean rate, at éboﬁt twice the size.
Meaningful information about the fusimotor activity could
not then be in;éfpreted from the sensitivity. For this
reason, results ffom.10 Hz stretches applied during walking
will no- be discussed. | |
To allow interpretation of the changes in sensitivity
and mean rate in terms of. fusihotor activity, control
experiments were _pérformed on anesthetized cats. The
effects of stimUlating identified +y-motoneurons on the
afferent's response to sinusoidal stretches were analysed.

This was necessary because such effects ‘have not been

studied for stretches with the parameters we used.

6L



CHAPTER FIVE .
STRETCH RESPONSES OF MUSCLE SPINDLE

AFFERENTS DURING y-MOTONEURON STIMULATION

5.1 METHODS | ‘

Nine anesthetized cats were used in acute experiments
for the investigation of the sinusoidal stretch response of
primary afferents when the fusimotor drive to the spindle
was ‘contrOJIed. The stretches cowered the same range of
parameters*ffas those wused . for the premammillary cats.
‘Identified 7-motonéurQﬁs inﬁiyencing the is?lated affer%Pts
were stimulated at steédy rates and - at’ modulated rates
répresen;ative of the patterns of activity that hﬁve been
recorded during locomotion in premamhillary caté; - These
experiments provided a~ba5is-for the interpretation of the
changes in the stretch response during Qalking.

. - The cats were aﬁesthetized with Nembutal at an initial
dose of 0.5 ml/kg (0.32 mg sodium pentobarbitél/kg). The
surgical procedure was the same as ﬁhat‘previously deécribed
except for the following aifferences{ " The secohd common
carotid artery was not ligated and the animal was not
decérebrated. So that the ventral roots c9uld be reached, a
wider laminectomy was made. The Lg to S, dorsal and veﬁtral
roots.were cut close to the spinal cord. . The soleus nerve
was stimulated to determine from tﬁe compound potentials of
the L.

5
isolating functionally single soleus nerves. (The L

and 51'roots the easier dorsal and ventral roots for

6 and 52
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roots were cut to reduce any possible unwanted reflexes.)

Up to six single soleus primary muscle spindle
afferents were dissected from the L, or S, dorsal roots.
They were identified by their cbnduction Vvelocities, and

9

their responses to twitch contractions and large ramp

pos

stretches. To isolate single y-motoneurons affecting these

afferents, the L7 or S1 ventral root was divided 1into
sixteen filaments. A filament was stimulated at 100 stim./s
and each of the afferents was checked in turn for a

fusimotor influence. ~If an increase in mean rate and. a

»

change in the dynamic response.to large ramp stretches Qere
: s
found, the soleus nerve and EMG activities were averaged
'using the stimulation pulses to trigger the sweeps. In this
way, the number of motoneurons in the filament was
determined; The filément that . influenced one or more
isolated afferents was divided Qntil.there were no EMG
potentials, thus eliminating - the a -motoheurons to the
soleué, and ideally, until only one distinct neural
potential, "that of a single 7y -moto:euron, was observed.
Identification of a y- motoneuron was based on the following
criterﬁa: enhancement of the afferent's_firing rate, no EMG
activity, ana conguction velocity 3less than 55 m/s
(Matthews, 1972). Conduction latenty Qas measured frqm’thé
soleus nerve average. Not infrequentiy, efferent potentials
from y-motoneurons influencing other soleus affefénts, or
from y or e motoneurons supplying other. muscles, were
present * in the average. - The , stimulation voltéqe was

the v-
i .
7

adjusted so that- the potential corresponding to
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motoneuron. influencing the isolated afferent of interest
could be determined. Sometimes stimulation of ' a single

soleus motoneuron simultaneously produced EMG activity and

\

an increase in the firing rate of the afferent. At low*

’

rates of stimulation, unfused contractions from a-motoneuron

s#gtivation of an extrafusal fiber in series with the spindle

-

.could produce fthisv effect as could activation of ra §-

motoreuron.. The identification of a f-motoneuron would only

t /

have been made if the increased bias of the afferent was

maintained at high rates of stimulation,

In a few ex riments, pairs of single y-motoneurons
influencinglthe zgiszfferent were looked for, The effect

of each of the ;;xteen filaments bh an afferent was checked

“in turn, and then the relevantlfflaments were divided until

two y-motoneurons influenFing the afféﬁent were isolated.
Stimulation of the-ventral root fiiament at 100 stim./s

was used to classify y-motoneuron as dynamic or statit

according to the change in the dynamic response of the

afferent to large ramp stretches of 4 mm at 8 mm/s.

The afferent response to sinusoidal stretch wa$ studied

under different states of fusimotor activation. The
frequencies of stretch wére 4 and 10 Hz, and tBe amplitudes
were 0.05, 0.2, '965M5\7 mm, thus including the parameters
used for the premémmillary cat. The identified 7—motonéuron
was stimulated at steady rates of usually 10, 20, 50, 100,

and 160 stim./s. Although y-motoneurons firing at 160

.imp./s have not been observed during locomotion, this rate



was used to represent the possible net effect of two or more
,Y~motoneurons influencing the afferent simultaneously.
Strétch cycle’ histograms were computed for each of thése
conditions, and for the condition of no fusimotor activity.
To simulate the phasically modulated pattern of
fusimotor activity that has been recorded during -locomotion,
the isplated +vy-motoneuron was also stimulated with a
modulated rate which varied between 10 and 70 stim./s over a
period 6f 660 ms. An electronic neural analog, influenced
. 1
by a 1.5 Hz sinusoidal input, was used to generate this
s}imulation pattern. The analysis‘was analogous to that
used to determine the stretch response at different times in
the step cycle. A marker for the 1.5 Hz sinusoid was used
instead of the step cycle marker. -The stretch responses
were determined at fourteen phases of the 660 ms period.
When two y-motoneurons influencing the primary afferent
were isbléted, one of them was stimulated wigh steady rates,
while the other was stimulated with the modulated pattern.

L)

5.2 RESULTS

5.2.1 TONIC STIMULATION

The effect of étimplating a y-motoneuron at‘1Q0 stim./;
on the response of a primary afferent to 4 Hz, 0.2 © mm
sinusoidal stretch is shown in Fig. 15 for a dynamic and a
static y-motoneuron. The mean rate was increased 19 imp.fs
vby the

7o action,‘ and 55 imp./s by the ¢ ,action. The

sensitivity was increased 74% by the action of the dynamic
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250 A. Passive _ B. Passive

69

static 7—motoneuron stimulation at 100 stim,/s.

a 0 —=
E
s 250 X : 100 stim./s ’ s 1100 stim./s
[+

0 \JA’

0 256 O 250

Time in stretch cycle (ms)
» >

Figure 15. The effect of y-motoneuron stimulation on
the response of a primary afferent to 4 Hz, 0.2 mm
sinusoidal muscle stretch. A. The mean discharae rate and
the modulation of the rate were increased by aynamic 7~
motoneuron stimulation at 100 stim./s. B. The mean rate was
increased and the modulation of the rate was decreased by
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The afferent response was generally graded Wi h th #,gg“
rate of stimulation. This is shown in Fig. 16 ﬁ‘ot tht

primary afferent of Fig. 15. The points were fitted wlth "ﬁ
the best straight line using the’method of iéast . mean » -
squares. The" slopes of the lines represent the change 1n the .
number of impulses for each stimulation pulse -to the N A
motoneuron, tor the % change in sensitivity for each e
stimulation puise'per sec. From the values of the slopes in
Fig. 16, the mean rate was increased 0.19 imp./stim. with
- -

dynamic y-motoneuron stimulation, and 0.58 imp./stim. with

’ static 7-motoneuron,,stimulation. Dynamic <y~ motoneuron
caused an increase in sensitivity by 0.78%" stim.—_1 s—J,
whereas static y-motoneuron stimulation caused a decrease by
0.80% stim. | s—1. On average, for the primary afferents

studied, stimulation produced a change in the mean rate

’p
by 0.32 imp./stim., and a % change in the sensitivity by 1%
stim. ! 511 in response to & Hz, 0.2 mm sinuscidal stretch.
Tg stimulation produced a change in the mean rate by 0.42
imp./stim., ‘and a % change in the sensitivity byt -0.25%
stim. ' s '. The average values of the slopes, which wvere
also determined for 0.05 and 0.7 nm, 4 Hz stretches, and for
.0.05, 0.2, and 0.7 mm, 10 Hz stretehes, are shown in Table

1. |
The ~afferent response to static y-motoneuron

stimulation was not consistent. For example, driving was

elicited by two &f the static y-motoneurons. An afferent

~
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Figure”: 16. » The - effect of increasing the rate of -

'motoﬁEUron" stimulation on the primary afferent response to

N -0

ﬁslnu501dal stretch " The points“were fitted with a straight

lxne u51ng the method of least mean - squares. The mean

k]

dIscharge rgte ef the afferent (a) 1ncreased with 1increases

iﬁ;'the 'st1mulat1on rate of both the dynamic (@) and the
. 2

stath (+) 7 motoneuron, but the slope is greater for the

statmc gimotoneuron st1mulat1on. The afferent sénsitivity

_‘f(B)i 1ncreased wlth increases in the rate of stimulation of
the’ dynam1c 7 motoneuron (d), but decreased with increasing

stlmulat1on of the stat1c 7~ motoneuron (+).

]

n



EI
fa4

e

Freq. (Hz) ¢ 4 10
Amp. (mm) ~ 0.05 0.2 0.7  0.05 0.2 0.7
7D ’ . ) s
: A=in mean rate o T : , ,
(imp./s) ©0.23 0.32 0.67 0.23 0.42 0.95
A in sensitivity : Y :
(%A sens./stim./s) 1.02 1.00 1.78 0.74 0.86 1.67
no. of afferents |, . 5- 8 3 5 8 3
Y S
S inn mean rate 3 . o
.+ (imp./s) ©0.43 0.42 0.44 0.34 -0.32 00?2
 Ain sensitivity. o -
3(%ﬁ;sens./stim./5) -0.53 -0.25 -0.07 -0.32 -0.11 «0.04
" no. of.afferents | 8 . 1. 3 8 1 3
» Table 1. 'Effects of dynamic and staﬁiC“v7—motoneuron
stlmulaxuon on the primary affereht stretch response.

Values were computed from. slopes of stralght lines,

those shown 1Q Flg 16, and averaged The values rep-eSent

the “average ,change in ‘impulse 'ratekfor % change in
sen51t1v1ty for each extra st1m /sr
+ . .
. ; : N
¥ - hd ¢
. ‘ 1 .
Vi . o -~ ’
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Ja ' - ’ ,é
e A .
e 6

‘such as

72



o

»(/) hd

impulse was produced for each stimulation’ bulse up to' 100

{stim./s.  The stretch sen51t1v1ty was therefore low at all

¢s of 7-motoneuron stimulation.

Other exceptions to the graded decrease in sensitivity
with 1ncrea51ng rates of statlc 07 ;motoneuron stimulation
~were observed in that ghe sens1t1v1ty .sometimes actually

increased with low rates of stimulatlon and then decreased

when the rate of stimulation reached 50 or 100 stim./s.

This can'be explained by the»afferent impulses not occurring

th#oughout the stretch cycle, but being phase locked,to the

stretch. In Fig. 15, thlS is apparent for the condition of

- . N . ‘F
no fusimotor activity. At low rates of static &Pmotoneuroéﬁg

. ] a
stimulation the afferent increased "firing _ but sometlmeﬁg“,ﬂ'

4

still pnly fired during the stretch phase. - As well.as an’

increased mean rate thlS behaviour resulted in.an 1ncreased

modulat1On a“@ hence 1ncreased sens1t1v1ty Not until the
affenent '?fired throughout >the “stretch cycle- did . the
sen51t1v1ty degrease |

' Phase locklng was greatestlfor the O 7 mm stretches ahd

Teast for. the 0. oam&;%retgb%"@?&s:nau ampllgbde (0. 05 mm)

stretches, to whlqb we found an opp051te effect of static

and dynamic fusimotor  stimulation~” on the_ cafferent’
'sensjtivity, cotld not be used in the"premammillagy\ cat

;\éxperiments becaduse the stre¥ch responses wSuld not be

dlscernlble in the’ locomotor act1v1ty.
jBecause the afferent is con51derably more dlspgsed to

phasef locklng wmth 10 Hz than 4 Hz stretches, ‘the. static

a . e

s » X N *

73,
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action 1is .not clearly distinct from the dynamic action
during- 10 Hz stretches, - even at 0.2 mm. Thus the

appllcatlon of 10 Hz stretches durlng locomotlon ‘would not
p

be wuseful in determining the predomlnant type of fusimotor'

1

act1v1ty

i

The response of one secondary afferent to 4 Hz, 0.2 mm

'sinusoidal stretch was also recorded. Stlmulatlon. of a
stﬂglc y-motorieuron at 100 stim./s caused an increase in ‘the
mean rate by 25 imp./s and a -decrease in the sensitivity by

P ot
p O

53%. R ‘ T T T

5,2.2 MODULATED STIMULATION

| _The effect of stimulating a - motoneuron with . a
modulated rate,-representatlve of the act1v1ty in pha51cally
m&dulated gamma axons durlng walking, was' analyzed. © The

. response of a prlmary afferent to 0. 2 mm stretch during

dynamlc Y- motoneuron stimulation is shownyln Flg 17a, and

during static y-motoneuron stlmulatlon is shown ‘in Flg 17B.ﬂ

s
n

The rate of stlmulatlon varied between 10 and 70 stlmg{s

over a pe, iod of 660 ms.  The increase -in rate of -the

) L. . &
moto-:aron was followed by increases in both the mean rate
sensitivity whereas the increasé in stimulation rate of

, : T . .

o \

ne yg motoneuron was ‘followed increase in the -mean

rate and a decrease in the ivity. The afferent

v ‘ . ‘ ‘ :
activity,. averaged using a 1. 5 Hz mgrCker, éénerally reached

a- peak about 80 ms foll?w1ng peak 7D stimulation, ‘or about

65 -ms follow1ng pe%tiZF stlmulatlon This lag was due to

%onduction and'5ynaotic delays and to the contraction time

L ARV

p
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Figure 17. Mean ratle, and senéftivity to stretch, of a

otoneuron stimulation at a

modulated rate. The stimulation\rate was varied between 10

ms, andils ;1lustrat%d

e o ) . .
as .a ;moothed ‘histogram _with a fitted curve.’ During

o =% . » . I :
modul%ted(—\\\ stimulatiqn'(h) . the mean {lﬁcharge rate and

sen51t1v1ty followed the change in rate of stlmulatlon ‘with

a lag.a bUrlng 75 st1mulat1on (B) the mean discharge rate

’,

1ncreased and the sens1t1v1ty decreased as the ‘st1mu1atlon

rate increased. The horxz@ntal 11nes represent the values

for mean rate and sens1t1v1ty for the passive ending.

Mm@
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sensitivity that occur durlng the step cycle.

of the intrafusal fibers. However, because each value was

calculated from a 100 or 250 ms period

10 Hz or 4 Hz stretches were applled)

(depending on whether

the timing of ‘the

values for rate and sen51t1v1ty, relatlve to the phase of

the gamma axon stlmulatlon, was 1mprec1se. This R%gﬁt must

pe considered when 1nterpret1ng the t1m1ng of the chgnges in

5.2.3 COMBINED STIMULATION

As well as a phasically modulated pattern, @& tonlcally

modulated pattern of fusimotor activity has been recorded

during walking. A muscle spindle

is quite probably'

influenced simultanebusly by both activity patterns. To

determine the p:imaty afferent: respaaae; under such a

o

7,

" Fig. 18A stlmulatlon of the % axon at

agsteady rate of 100

w?

. combu ‘1njluence, a dynam1c y- motoneuron ‘was stlmulated
C‘ x 0
We
w1th ‘one pattern whll% a- statlc o A motoneuron to the same
muscle splndle was stlmufqﬁed with the other pattern. @@-

a

tim./s. resulted in an @ﬂcreased meanJrate of discharge, but

.

decréased modulatldn, to the applled length chang?@l ~ When

o

stimulation of the o axon with a modulated rate was added,

the mean dlscharge rate, was increased,

~but the amplltude of

the " stretch responéeovarled above and'‘#elow the amplitude“

when, there was no fusimotor activity.

axon was stlmulated at a steady rate of
7s

1
s

. In Fig. 18B, the 7ﬁ

100 stim./s and the

axon was stlmulated with the modulated rate. This

~resulted in an increase in the mean dlscharge rate, but the

LI

"amplitude bf the.st:etch‘res?onse, although variable, was

76
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Figure 18. The response of a primag nt to
sinusoidal stretch (4, Hz, AO.7 .mm) #"

stimulation of%¥a
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Ambined‘

75 was

. A '
stimulated a 'Bdnic rate was
‘stimulated at évmodulat;@% g O. + 30 stim./s. . The

pulse traln' ,representﬂk; the afferent, was

kY

iow pass filtered to convet{¢7ﬁ : -of «firing and then

pflnted wlth a pen recorder. _ The stimulation rates, oﬁ’

i

/

/
/

the 7 motoneurons were - converted to instantanegds ™~

printed in the same manner. Tonic’ st&mulat1onfof a 75, w1th

modulated st1mu1at1on of a 7D é}) .resulted in ‘an afferent

§

response 51m11ar to that which occurred during walking.

-

» Tonwg stg@ylatlon of a 7D” <w1th modulated st1mu1atlon of a

g «

(B3 resulted in a large modulation in the afferent

"firing rate, wh1ch-varied out;ofvphaSe with the modulated

frequeq@1es by ' an 1ntersp1ke kg%er“'bconverter and /Cere
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always , greater
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‘V“ﬁg* 1 CHAPTER SIX

DI SCUSSION

6.1 FUSIMOTOR ACTIONS ON THE AFFERENT RESPONSE TO STRETCH

4

® Muscle length changes and fus@motor activity interact

. to determine the actiVity in muscle spindle afferents. The

actions of the vy- motoneurons are dependent on the size :and'

\ 9

speed of - the movement. . For the premammlllary cats, we

mainly used stretches of‘4 Hi 0.2 mm. Using these same

parameters of stretch in control experlments stimulation of

y—motoreurons . of elther type 1ncreased the mean /fate ,of

tfrfiringlnofﬁpr”mary afferents. " The stretch ?sens1t1v1ty of

~Although we found®

was 1ncreased by 7D stlmulatlon at 100

stim. /s and decreased by Tg stlmulatlon. At léwer rates of

e My P . Fi

[ . i

sen51t1v1ty Such paradoxg'al eifects "6f static © y-
motoneurons have also been noted by others (Hulliger, 1984) .
In part, this éffect can be attributed to phase-locking of
the afferent impulses, . The effect of static y-motoneuron
stimulation onta secondary afferent was to increase the mean

*

rat® and decrease the sensitivi%y

We also in&;”“ﬁgated the response of affergnts, to gamma
nerve fiber stimul§

flat the difference/in\\ihe effects of

static and dynamic y-motoneuro stimulation on primary

V-affef%ntsj was most apparent wi 4 Hz stretches of smaller

*ﬁn, using. other parameters of stretch.

StimUIatiOﬂ, some static v- motoneﬁrbﬁs 1ncreased theﬂr‘r

amplitude, had they heen used during locomotion, the
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responses to ' these stretches would have been “over-ridden.
Phase-locking became worse as the frequency or amplitude of
the . stretch was increased and was Quite severe for 10 Hz;
0.7 mm stretches. For these reasons, our analysis of the
primary vafferent respoﬁse during walking was mostly limited
to 4 Hz stretches b%tween 0.2 and 0.5 mm. Knowing how
fusimotor activity influagces the afferent stretch response

allows the underlying fusimotor activity to be deduced from

i
*

the stretch responses during locomotion.

Ed

c A + ‘ ' "
6.2 DEDUCWION: OF FUSIMOTOR ACTIVITY DURING LOCOMOTION

FROM AFFERBNT STRETCH RESPONSES

n‘ ) ' *‘

6.2.1 SE@O%&QW’ASFEREJNT STRETCH RESPONSES

T L N I D T ~ _
Second@ry afferents’ dre generally only affected by

" static 7 md%ﬁﬁgprons, so that the increased mean rate and '

decreased Ggﬁ- t1v1ty to sinusoidal stretches during the

,walk1ng ﬂemgid can be explalned by an increase in static v-

motoneurom act1v1ty | Slmllarly,' an increase in static -
motgneﬂron act1v1ty can explain the 1ncreased mean rate and

r«t:‘

deccap%eﬁ dynamlc sensitivity in response to ramp stretches

: 08 Ty h s ‘
“deln walk;ﬁ@ as cbmpared to during gquiet standing.

;. .
The §%Vength'ﬁof the increased static +y-motoneuron

activity can,be EStlmated from the afferent's sensitivity,
tﬁej emount pf 1nternal shortenlng, and the change in  mean
rete, in cehjunction with a v%lue for the effectP/of Tg
stimulaﬁion on iﬁcreasing the rate. As an examplé,‘ tﬁe

>

average sensitivity of one secondary afferent during walking

80



-1 -1

was about 16 1imp. s mm . The calculated internal

‘shortenlng of the muscle was 3.4 mm, so that in response to
this alone, the afferent would have decreased firing by
about 54 imp./s. However, the firing rate increaeed by 25
imp;/s on average for this peé&od. Thus the static 7=
motoneuron activity was sufficiently strong to cause an
overall ehange in the afferent f1r1ng rate by 79 1imp. /s
In‘our control exper1men;s, using stretches of the same

i
parameters, a secondary afferent increased its fi;ing rate

by gakimp./e in response to static y-motoneuron stimulation

et 100 stim./s, i.e., 0. 24 imp. /stim However, this was the
~only) secondary efferent that we studled Others (Cussons et
:ai, 1977), found that the mean discharge rate during 1 Hz
.“stretching inereased by aboue 30 imp./s for an increase in

the rate of 7S.§Pimelation from 50 to 100 stim./s: 0.6

1mb /stlm. This agrees well with an average increase in the

. * .
“secondéry afferent rate of 74 imp./s by Tg stimulation at-

Y

use this lattex value for the purpose of appfoximating.

static my—motoneuron strength. ‘That the 'efberimental
\

condltlons were different should not‘ matter, especially’

con51der1ng the 51m11apbey~e{ the two published\results.

—~—

Thus ‘an increase in the\?\<rng rate of th secondary
‘ g 5 ,

afferent by 79 imp./s wogﬂd reguire an .increas by 132

imp./s of the static y-motoneuron activity .2
. - ' u

» % .
Although this is just one example, it is useful as a general
indication of the strength of the static action. Naturally,

/
4.

Aim /s, . i.e., 0 6 imp./stim., with the muscle at

constant length (Andersson et al, 1968). It is prudent to

ecting. itﬁﬂ

81



variability in thg strength can be expected due to
differences ~among spindles in the static y-motoneuron
innervation.

As ev1denced by the malntalned teductlon in stretch
sensitivity throughout all phases of the step cycle forﬂmost
of the secondary afferents, such strong 74 act;vity was
relatively tonic.

In a few secondary afferents, the sensitivity varied
somewha! during the step cycle. "This could be due to the
analysis procedure not prov1d1ng an accurate descrlptlon of
the true state, as would result “from poor correlation of the
fitted’ 51nu501d§ to Jhe afferent activity. ThlS was most
cvidagig when. only a ‘small number of steps wefe.averaged or
when theistep length varied greatly. The different effects

of static bag, and chain fiber contraction on stretch

aen;itivity, and their .particular predominance on the
econdasy afferent activity in different spi may also
contribute to the variation/in r%ﬁylts.ﬁ " g |

- 6:2.2 PRIMARY AFFERENT STRETCH RESPONSES o
: Primary wafferents aig influenced by both static and
dynamic , yrmotoneurons. ! During the step cycle, the
sensitivity was greatly‘ modulated. Phasicaily modulated

Cactivity in dynamic 7-motoneurons.accompanying the = tonic

e

activity” in static 7 motoneurons could account for this.

The sensitivity was hlghest slightly after the time of peak

~ _

N |
fb{ce and was low in tHe absence of EMG - activity. -In a
\freely moving cat, this would correspond to high sensitivity

f
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during stance and low sensitivity during the swing phase.

(The imprecision involved in matching the calculated

sensitivity to a particular phase of the step cycle does not .

allow interpretatioﬁ of the timing to be more specific.)

In the anesthetized cats, peak sensitivity occurred
about 100 ms after the peak 7D stimulation rate. To cause
the high sensitivity at the time of high force. in the step
cycle, 'the dynamic 7—hot0neurons must have been most active
during the time the force was‘increasing.

The tonic static +y-motoneuron actlivity .would have
reduced the primary afferent sensitivity from that which
wouldr have been set by activity in® dynamic 7~motoneuron5
alonei The dynamic responsiveness to ramp stretcheg and the

sensitivity to sinusoidal stretches were reduced on average

during the walking period compared to during guiet standing.

6.3 IDENTIFICATION OF PHASIC AND TONIC v-AXONS

AS DYNAMIC AND STA’I‘IC 7 MOTONEURONS

In other experiments using premammillary cats, K gamma
nerve fibers from soleus were named according td the
: ~ o v

‘factivity pattern recorded from them during walking (Mu‘;hy

, ‘ W
et al, 1984). Tonic y-axons (7t) had a low resting rate (<

20 imp:/s), but fired at a high rate (> 50 imp./s) during
{ . ~ .

walking. During the step cycle, the rate was only modylated

~

+ 9 1imp./s* and was greatest just before the ‘peak EMG.
Phasic +y-axons (7p) fired at more thanvSOﬂimp./s; when the
. cat was _resting. - During walkding, the - rate sllghtag

) g
‘ g . B o B
' ‘ ’ T IRV

.
\:’

5

{
ﬂ
f



% decreased on average and was highly modulated (* 23 imp./s)
& with the peak activity following the peak EMG, at about the

t1me of peak tension.

3
. "
v

6.:3.1 EVIDENCE FOR 7p'S‘AS DYNAMIC 7-MOTONEU§ONS . .

"

v

" y ”ﬁ?hg modulation during walking in primary afferent
sensifivipy, but not in secondary afferent sensiﬁjvity,

indicates that the phasic pattern of activity probably"”

" occurred’ in dynamic y-motoneurons. The peak activity in the

7p axons is at the appropfiate time to account for the peak?
, Ce o
sen51t1v1ty of the primary afferents. The sensitivity

during u1et standing, which exceeded the sensitivity durlﬁgr

T

most . of
. \' .
restmg-f/a e of 7p axons occyrring 1n dynamilic y-motoneurons.

 bhe step cycle, 1is in agreement with the high

In an anesthetized cat, stiﬁulation of a dynamic vy-

S motoneﬁr&n at a modulated rate, fﬁgether witﬁ stimulation of
a étatli/ydmotoneuron at a tonic rate, caused a modulation

. in the amplitude of the stretch response of a primary
afferent, as shown in Fig. 18A. ™ The amplitude of the
Te&pgnseh was-agvtimes below, ;hd at other times gréater,
than that of the passive éQding. This observation 1is

consistent with the modulation in primary ~afferent -

sen51t1v1ty Wthh occurred durlng walkxng Converseiy, when

the statlc Y- motoneuron was stlmulated with a modulateé rate

-

.

and the dynamic 7—motoneu§oq with . a tpnlc rate, the
Sen51t1v1ty remainedg high on: _average, whh the peak N

L Sén51t1v1ty out of phase with the time of peak: stimulation,

MY

> k1 _:/'I!h e

statlc b motdnéuron was not

Tos 3" L S
3 P S e -
‘;.ﬁ 25, - 4_:” P R .



-
activated 1in this way durlng walklng since the‘ peak 7p
activity would have caused the sen51t1v1ty to be low at the

time of peak tension..
. ‘ . Ty

6.3.2 EVIDENCE FOR 7t'S AS, STATFpr MOTONEURONS

The malntalned : reduction in secondarxh. afferent
sensitivity during walking shg.ges?;:that the gon‘ic pattern
of activity ﬁrobablyabccurréd in'static 7—mot6neu;ons. - The
sensitivity of -the secondary afﬁgfent was»al;ays lowest near
the“beginning of the EMG: at the time of peak Yy .activity.
Eurthermore, a second peak in impulse rate, shown by some
primary afferents, ~océurred at thig time too. This is when
internal length changes would otherwise tend to unload the
spindle. Static y-motoneurons are-more efféctive at,biasiqg
the spindle and preventing spihdle unloading than are
dynamic y-motoneurons. During walking, the estimated'hptal
increase 1in statie 7-motoned;on activity influencing a
secondary afferent, Qhen diQided by several motoneurons, can
be expla;ped by the increase in mean rate of Y, axons but
not ’of o _axons. Another reason why the Y, - axons are
~unlikely to Belong to dynamic 7—ﬁotoneurons is becaﬁse the
peak primary afferent sensitivity did not follow the peak e
activity. ‘

Phe conclusion that 7t a s belong to static 7-

3
_motdneurons and *7b axonsaﬁ?long t Ngynamlc y-motoneurons,
‘ » « .
confirms the 1identification ma earlier (Murphy et -al,
- g

1984),{(w5ich was based mainly on-the resting rates of -a

P
L
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small number of functionally classiffied 7—motoneuronsdﬁ .
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L : N A
maintained 1in cont1nu1gy.
* s

‘6.4 FUNCTIONAL 'IMPLICATIONS

e

6.4.1 PRIMARY AFFERENTS N *

’

- As mentioned previouslv, the precise timing of the

s .

'v‘sensitivity pha;Ees, relative to EMG and force levels, is
equivocal. However it is clear that the sensitivity’of the
\bprimary afferent is relatively high during the latter three—
quarters of force development and 1s.low in the absence of
active force.  In “the freely mov1ng cat, this would
corregpond to relatiVely nigh sensitivity during the stance
phase and low sensitivity during the swing phase.
THe low sensitivity wonld limit the afferent response as
the muscie 1s passively'stretched during flegion. . At a
walking speed of less than 3 km/h the musele is _iengthened
by more than 10 mm at a rate of gboutvﬁoo mm/s (Goslow et

al, 1973), so that a passive ending would fire rapidly

during this ‘period. The low sensitivity thus aids in

. preventing reflex activity from interferiné with  the:

~ movement. 'Without stretch-induced co-activation,  the

-~

movement during the swing phase can be achieved with lessf

. ¥

muscle activity for any desired speed and thus .ellow the

animal to operate with greater efficiency.

During the stance phase, reflex activity in soleus:

reinforces the ongoing movementfrather than opposes it as

happens in tn§ swing phase. It is apprbpriate, therefore,

for the spindle sensitivity to be increased during extension

@

!
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\

by the addition of dynamic y-motoneuron activity. The

/

is stretched briefly bynabout 3 mm upon foot contact (Goslgw

consequents burst of afferent(@jr&hg when the active muscl

et al, 1973) reflexly increases,extensor activity, resulting

in a greater propu151ve force to accelerate the animal = up

and forward. In a de-aﬁferented cat, the force of seach step

! “,

is indeed reduced (Wetzel et al, 1976) The relatively high
. .
sensitivity is sustained during the period of active force

* .

development. Thus, any perturbation encountered within the
. / \ :

stance phase, even as the weight 1is transferred forward and’

the 'active muscle shortens, 'will result.in reflex activity

O

‘ ' . - ‘ .
to counteract the perturbation. An example 1s an

Lnant1c1pated change in the terrain. When an animal‘s foot

lands on an uphill slope, the ankle extensors are-longer and

¢ :
because of the extra load, shorten ‘more slowly The

resulting increased afferent actiwity leads to continued
extensor support: and propulsion. The raflex force has a
/ i

delay of about 40 ms (Grillner, 1972) and so can‘contribute

to the support phase extension during walking, since this

phase lasts about 400 ms (Goslow et al, 1973).
¥ : .
The changing sensitivity to stretch during the step
S
cycle works together with the locomotor drive potential to

determine .the reflex response In flex1on, the membrane
potential of a soleus u—motoneuron is more negative, and
thus is less excitable, than in extension (Shefchyk et al,

1984) . A given rate ofiaﬁferent impulses will not achieve

, : ,r . 7
the generation of as many action potentials ‘in thgysoleus a-

4



Amotoneurons du:ing flexioh.l The low sedéitivity éé this
time means the change in afferent firing rate ‘for any jJlength
change will be less. Thus the two mechanlsms,/wone which
reduees’the peripheral input to the,a-motoneuroh, the other
Which reduces the output, act co—opefatiyely"to minimize
opp051tlon to: movement during the swing phaseﬁ :Conversely
She high stretch sen§1t1v1ty‘and less negative membrane
potential during eﬁfension togethet increase the reflex

response and enable the movement to be reinforced when

perturbed. : : S _ - N
. i

. Because the dynamic y-motoneuron activity is

" accompanied by stat1c 7 motoneugon act1v1ty, the Sen51t1v1ty

to 0.2 mm, 4 Hz stretches is not as high as if the dynamic

7;motoneuron activity had occurred alone (Hulliger et al,
: e

. [ \

1977b).  Furthermore, |the sensitivity to very small
<eguivalent to that during solely

" stretches would be ilow:
. ' ' . -\ : . K

static y-motoneuron activity ~(Hulliger et al, 1877b).

Perhaps 'a high sensitiy&ty- to\small #tretches ¥s not

important during locomotlgﬁ\: ver§ smallyperturbaff'ns are

unlikely to disturb the stepp1%§>*6%ttern. This 1is 1in

contrast to the condition of quiet standing. In this

situation, a corrective response made quickly to a tiny

length change before a larger error deveiops is/important in Y,

. . . e S
the maintenance of posture. The high dynamic sensitivity +0

small stretches required er this can not be achieved by a
'spindle under the influence of statlc y-motoneuron activity.
The very, Yow firing rate ofupresumed static +y-motoneurons

recorded, in that situation (< 20 imp./s) (Murphy et al,
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1984) is in agreement with this function.

a

]

t"\ )

SaRN}

6.%.2 SECONDAF{Y) AFFERENTS R e T
e . . R i

o - .static v-motoneuron activity during the stance phase is

.not of obvious benefit via the primary afferent. Although

"the afferent may be prevented from shutting off during slow

muscle shortening, the significance of this is'not ‘clear.
However, static y-motoneuron activity at this time, and

' N
throughout the whole of the step cycle, may be important for

., the role of the secondary afferent in the control of

lgcomotion. Input from the secondary afferent may be* used

as a monitor -of muscle length. Static y-motoneuron activity

extends the range over which the secondary afferent could

function in this way. This is important because, duringthe
normal step cycle, the muscle undergoes quite extensive
excursions in length: a shortening to ébout 6 mm less than
the"standing‘length is followed by a total lengthening of

about 12 m$ (Goslow et al, 1973).  Low sensitivity would

‘prevent the secondary afferent from shutting off at short

lengths and from firing maximally at increases of only
intermediate size. A spindle secondary afferent recording

from a freely walking cat has shown maintained . firing

vthroughdut the step cycle, pfoportional to muscle length

(Loeb & Duysens, 1979), which is consistent with this

proposed function.
Because muscle propertigs:can vary with time, such as
in fatigue, the same motor command will not always 'prpduce

the same muscle contraction. _ Thus, continuous feedback
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1.
about muscle length may be important to keep the central

nervous system informed about the progress of a'movement, SO

that a ‘corrective action can be applied when necessary to

£

- E

producé the desired movement (Matthews, 1972).

A | \

\

i

(.
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CHAPTER SEVEN

T CONCLUSIONS

4

The firing of spindle afferents is influenced by
fusimotor activity and by ch;nges in muscle  length.

Locomotion in intact cats is not an example of a servo-

- -

assisted movement in which a-¥ qpactivation.maintains the

\ , . N
afferent activity at an approximately constant level during

muscle contraction under normal ‘conditions. Instead, the
‘afferent response 1s "dominated by the ‘length changes.
Fusimotot .pctivity . would affect the sensitivity to such

length Tthanges and also to any disturbances of - the nofmal
t
v o |
step cycle. !
~ The intention of 'thig study was to investigate the

stretch sensitivity of spindle afferents from soleus :during
‘locomotion. Cats decerebrabed aﬁAthe,premammillary level
walked -with three legs on a treadmill whilg the fourth leg:
was ‘held ispmetric except for controlled stretches bapplied

to the soleus muscle. By the choice of appropriate stretch

parameters, it was possible to infer the activities 1in
static and dynamic y-motoneurons in this' reduced
prepardtion. ‘These were found "to support previous
conclusions from direct .7—m6toneuron recordings:  tonic

: \ / . . T e » X .
activity 1% A4tatic 4Y-motoneurons and phasic activity in
dynamic <y-motoneurons. The interaction of their combined
effects on spindle afferent sensitivity was determined.

Although it is interesting to interpret the results in

terms of normal walking in the intact cat, it must be

' e
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<

remembered that fusimotor activity in the prémammillary cat
could differ from that in the‘intpct cat. However, afférent
ecordings from intact and mgsenéephalic cats during walking
sho general similarities; the d;écrepanéies can be
explained by differences in the strength of the fusimotor
activity rather than by differences in the timing (Prochazka
et al, 19767 15';'7‘/7). | | Rl }
 The sensitiviﬁy of primary afferents was modulated
during the step cycle. It\ was high during the period of
active forcekde§elopment which corresponds-to‘ the suppo:tww
phase of the step cycle in a freely walking cat. High

LN

' sensitivity at  this "time contributes, along with the
/locomotor~drivé potential, to increasing the r

Mex response

Yand enabling the extensor activity to be ?reinforéed. The

Q%énsitivity was low in the absence of force, and by
édntributing to é.fdecrease in'refléx response it would
»prévent opposition’ of:the limb movement during the swing
phase. On average, tHe sénsitivity\was reduced relative to
that apparent in qguiet standing. - Maintenance of posture is
improved by high sensitivity. | The tonic low sensitivity of
the secgpdary afferent during walking may be important to
extend the range over which &the afferent can provide
meaningful input about muScie.leﬁgth., ‘

This interpretaf(én,applies to muscle spindle afferents
from an ankle extensor in the eontrol of walking. It would

be interesting t¢ know how generally it applies: whether for

other speeds, other muscles or even other rhythmic |
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movements.. With increases -in speed the average length of
A

the muscle increases and the amount of active lengthening-

assoc1ated with the E2 phase ‘ihcreases However, the
shorter pe??od of ghé §?ep cycle may cause reflex effects to
occur i%appropriately. Flexor muscles‘ have quite a
different role in locomotion than extensors so the fusimotor
activity and afferent stretch sensitivity may reflect this

difference. The bifunctional muscles of the hip and knee,

and the musclesi 6f the forelimb, can be expelted to be

» 5

controlled differently as well.*® The results of’ initial
-inOestigations (Cabelguen, 1981; Cabelguen et al, 1984) do
suggest the utilization of other strategies, The muscls
splndle functlon in the control of other rhythmic muﬂamQ&R?Q
such -aS breathing and scratching, has yet to be flrmry

established. The potential for a range of functions is

provided by the independent control of static and dynamic 7-~

motoneurons.
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