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SUMMARY

1. Changes in the response of cat soleus muscle spindle primary,
secondary and "intermediate" sensory endings te ramp stretching
during intravenous and intra—arteriai infusions of suxaciethenium (SCh)
in the intact anaesthetised animal have been studied. The effects of

SCh on the spindle sensory endings have been related to the known
action of SCh and ACh on the two nuclear bag intrafusal muscle fibres

of isolated cat muscle spindles in vitqg;(Gladden 1376).

2, The application of repetitive short-duration ramp-and-huld test
stretches to the soleus muscle during continuous slow infusion of
SCh enabled the gradual activation of the spindle sensory endings to
be studied in detail.,6 Typical muscle cpindle primary sensory endings
were activated in three consecutive stages'during infusion of SCh,
which will be termed Phases I, II and III of excitation. In Phase 1
of excitation, a gradual facilitatory effect of SCh on thz discharge
of the Ia sensory endings éqcompanied by a progressive raduction in
the sensitivity of the endings to nuscle shervening was observed. This
occurred without a potentiation of, and usually a decrease in, the
dynamic and position sensitivities of the Ia endings to muscle stretch.
The Phase I facilitatory effects of SCh on Iz endings appear not to be
caused by the contractinn of intrafusal muscle fibres, and arz probably
the result of a direct or indirect depolarising action of SCh on the
sensory nerve terminals of the Ia afferent axon. Iin Phase II of
excitation, the semsitivity of the Ia endings to the dynamic phase of
the ramp stretch increased dramatically, aud the response of the endings
to stretch was very similar to that of Ia endings during strong dynamic

fusimotor activation. This increase in the dynamic sensitivity is very



likely the result of the recruitment of the dynamic nuclear bag (DNB)
fibre, which has the lower threshold of SCh of the two nuclear bag
fibres (Gladden 1976), and which is made to contract by dynamic fusi-
motor axons (Boyd, Gladden, McWilliam & Ward 1977). In Phase III of
excitation, a marked increase in the position sensitivity of the 11
endings was superimpssed on the already enhanced dfnamic sensitivity,
and the response of the Ia endings to stretch became very similar to
that during combined stimulation of powerful dynamic and stétic fusi-
motor axons. The increase in the position semsitivity of the Ia
endings in Phase III of activation no doubt reflects the contracticn
of the static nuclear bag (SNB) fibre, which has the higher threshold
to SCh of thg two nuclear bag fibres.(Gladden 1976). The characteristic
response to stretch of Ta eudings in Phase III of excitation is ihus
the result of the combired activation of the dynamic and static acclear

bag fibres by ScCh.

3. Unlike soleus mu:ccle spin41e primary sensory éndings, secondary
endings showed only a gradual facilitation of their discharge durirg
infusion of SCh, and behaved in a similar way to Ia endings in Phase I
of excitation. Whiie Ia erdings subsequentlf experienced large increases
in their dynamic ard position sensitivities following the recruitment of.
the two nuclear bag fibres, seéondary sensory endings did not show
similar effects, The activation of typical secondary sensory endings by
SCh therefore appears to be entirely the result of a direct or indirect
depolarising action of SCh on the afferent nerve terminals, without any

apparent contribution from the contraction of the two nuclear bag fibres.

4, The majority of muscle spindle sensory endings with afferent axon

conduction velocities between 60 and 80 m/sec ("intermediate"

(iv)



conduction velocity afferents) behaved either like primary endings

or like secondary endings when activated by SCh (cf. Rack & Westbury
1966). However, a significant minority of "intermediate" sensory

endings were found in these experime.ts to behave neither like primary
nor like secondary sensory‘endings in the presence of SCh, and thus
appeared to be a "truly intermediate" form of spindle cersory ending.
These "truly intermediate' sensory endings iritially showed a graduail
facilitation of their discharge in a vecry similar way to tynical
secondary endings during SCh infusion, but then pxpérienced a significant
increase in either their dynamic sensitivity or their position sensitivity
to stretch. This behaviour indicates that the "truly inzermediate"
sensory endings lie mainly on the nuclear chain fibres of the muscle
spindle like secondary sensory endings, but also receive a collateral
input from one but not both of the nucleér‘bag fibres, Of five "truly
intermediate" sensory endings enccuntered in these cxperiments, four
appeared to receive an input from the SNB fibre, and one from the DNB

fibre.

5. Infusion of SCh was also found to produce a gradual facilitation of
the discharge of Golgi tendon organs in the soleus muscle (cf.
Granit et al 1953), similar in form to the Phasg I effects of SCh on
the Ia endings and the effects‘of SCh on secpndary endings. The extent
of the facilitation of the discharge of tendon organs by SCh was however
much smaller than the effects éf SCh 6n the muscle spindle sensory
endings, and appeared to depend on the thresholds of the tendon organs
to passive muscle stretch (Stuart et al 1970), so that tendon organs
with lower thresholds to passive stretch were most affected by SCh and

those with higher thresholds less so, some apparently not being affected

)



at all, Nevertheless, the finding that the discharge of tendon
organs may be facilitated by SCh adds weight to the proposal that
SCh, directly or indirectly, can have a depclarising action on the

sensory nerve terminals of mammalian afferent axcns,

6. The contraction first of the DNB fibre and then of the SNB fibre

in soleus muscle spindles during SCh infusion, provides an important
new experimental means of in?estigating the rolae c€ the individﬁal sensory
terminals of the Ia afferent axon on the two bag filres ir the generation
of the Ia afferent discharge. The chanées in the response to stretch of
Ia endings when the SNB fibre is made to contract by 3Ch in the presence
éf DNB contraction, indicate that the Ia sensory spirals on the two
nuclear bag fibres interact competitively with one another tc determine
the discharge of the ii afferent axon, so that the sensory.terminal with
the greater output at a given time dominates the Ia afferent discharge

("pacemaker switching", Matthews 1972 Ch. 6).

(vi)
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~ INTRODUCTION




The intensive investigation of the structure and function of
mammalian muscle spindles in recent years has cmphasised their complexity
as sense organs. Muscle spindles, known to histologists and physiologists
for over 100 years, are muscle stretch receptors which are intimately
involved in the maintenance of normal muscle *one. An important aspect
of their function is that their sensitivity to muscle streiching is
variable, under the control of the central nervcus svstem.

The internal working of the cat muscle spindle, and thLe pattern oZf
innervation of its intrafusal muscle fitres by gammA rotor axons from the
spinal cord, have been the subject of much research in the iast 15 years.
The great majority of these experiments have involved th¢ stimulation of
gamma fusimotor axons, to produce contraction of the intrafusal muscle
fibres on which the spindle sensory endings lie. Recently, however,
Gladden (1976) showed that the twe nuclear,bag intrafusal fibres of a
typical spindle are made to contract in the presence of acetylcholine,
while the remaining nuclear chain intrafusal fibres appeared to be paralysed
by acetylcholine and did not contract. Suxamethonium, like acetylcholine,
also has a similar action on the irntrafusal muscle fibres. This finding
presents a potential alternative "chemical" means of activating the nuclear
bag fibres of the spindle, independently of the nuclear chain fibres, in
a selective manner that the conventional experimental approach does not
provide.

The initial aim of the present work was to reach a suitable set of -
circumstances in the intact animal in which the nuclear bag fibres of
soleus muscle spindles could be regularly recruited by continuous slow
infusion of suxamethonium. Once this was achieved, using infusions of
suxamethonium into the aortic bifurcation, it was possible to examine in
detail the contribution of the activated nuclear bag fibres to the afferent

discharge of the spindle primary and secondary sensory endings. This



revealed a significant amount of new information about the internal
working of the mammalian spindle, which could not be readily obtained
using the conventional oxperimental approaéh (see Discussion). |

Tcwards the end of this study, a short series of experiments were
dore in collaboratisn with Dr. W.R. Ferreil, in which the effects of
intra-arterial infusion of svxcmethonium on the discharge of Golgi
- tendon organs in the suleus muscle were also examined. With this exception,
the work described in this thesis was carried out by myself, under the
supervisinn of Professor 1.A. Boyd in the Instictuie of Physiology, University
of Glasgowf Preliminary results of the muscle spindle work were presented
to the Physiological Society in February, 1977 (Dutia 1977a) and in

September, 1977 (Dutia 19775).



LITERATURE REVIEW: PART 1

The Structure and Function of Muscle Spindles.



Matthews (1964, 1972) has referred to the "classical picture" of
nuscle spindle structure, as opposed to the still-evolving "present
picture". The "classical picture" became established following the
morphological and histological studies of Sherrington (1894) and Ruffini
(1898), and remained prevalent until the late 1950's. The historical
derivation of the "classical picture" of the struciure of muscle spindles
from the time of their discovery by Kolliker in 1862 has been reviewed in
detail by Matthews (1972, Ch.l) and will not be dwelt on hefe.

Ruffini (1898) studied the microscopial structure of the nerve
endings in cat muscle spindles stained with gold chloride. He was zble to
distinguish three types of nerve endings lying on the intrafusal muctcle
fibres, and named them the primary (annulospiral) ending, the secondary
(flower-spray) ending, and the plate ending. The primary ending lay in the
centre of the spindle, suprlied by a 1arge—diameter nerve fibre which
branched several times to form spirals or rings around each of the intrafusal
muscle'fibres. The secondary ending was supplied by a smaller diameter axon,
winich formed fiiaments which ran irregularily along the intrafusal fibres.
The secondary ending always lay to one side of the centre of the spindle.
The plate endings were usually found on the outer regions of the intrafusal
muscle fibres, supplied by nerves of even smaller diameter.

On morphologicali grounds, Ruffini proposed that each of the three types
of nerve ending In the muscle spindle was sensory in nature. Earlier,
Sherrington (1894) had prcved that the muscle spindle was indeed a sense
organ, by showing that cfter the severing of the spinal nerve roots from the
cord proximal to the sensory ganglion,'the larger of the afferent nerve axons
which remain in the muscle nerve do in fact innervate muscle spindles. The
central primary ending which was supplied by a large diameter axon as

described by Ruffini was therefore probably an afferent nerve ending. Onanoff



in 1890 had done a similar experiment in the dog; he had shown. not only
that destruction of the dorsal root ganglion causes the greater part of
the nerves in the muscle spindles to degenerate, buf also that cutting
the ventral spinal roofs alone causes some of the nerve fibres in the
spindle to atrophy. Clearly, the muscle spindle was.a sense crgapn, and
the observations of Onanoff suggested that it was also supplied by motor
nerves from the spinal cord.

Sherrington (1894) though at the time unaware of the work of Onanoff
(1890), stained muscle spindles of the cat and monkey with gold saltc and
looked for motor rerve endings on the intrafusal muscle fibres., Though he
did not find any, he went further and carried out a degeneration experiment,
in which the sciatic nervc of a cat Qas sectioned and the skeletal muscle
of the hindlimb were allowed to degenerate for»lSO days. The intrafusal
muscle fibres of the spindles in these muscles however did not degenerate,
indicating an absence of a motor nerve suppl&. However, Sherrington remained
cautious and did no£ conclude one way or the other on the question of a
motor nerve supply to the muscle spindle.

Evidence for a motor inrervation of the intrafusal muscle fibres was
provided by Cippolone (1898), who followed the course of motor nerves in
muscles of the lizard and showed that some of the motor axons had motor
~end-plates on both extrafusal and intrafusal muscle fibres. Cippolone also
showed that transient compression of the aorta in the rabbit caused the
smaller nerves ir. th2 muscle spindles to atrophy while the large afferent
endings remained inf:c:, and on this basis suggested that the small nerves
were motor. |

It was in 1927 that Boeke showed that the plate endingé on the intra-
fusal muscle fibres degenerated after the spinal nerve roots had been cut

proximally to the dorsal root ganglion. Hinsey also in 1927, and Hines &



Tower in 1928 proved that the plate endings were definitely motor: they
persisted after removal of the sympathetic ganglia, and the removal of

the dorsal root ganglia which caused the central sensar& endings to atrophy;
the plate endings only degenerated wien the ventral spinal roots were cut.
These experiments and the subsequent cohfirmatory work of Cuajunco (1932)
clearly established the motor nature of the plate endirgs «t the poles of
the intrafusal muscle fibres; and the sensory nature of the primary ending
at the centre. The secondary ending was also very probatly sensory, as
Hinsey (1927) stated that it persisted after vent:al‘root section and
atrophied after dorsal root section.,

In 1948, Barker published a detailed account of the =tructure of the
muscle spindles of the rabbit, which added a new feature to the 'classical
picture" of spindle structure., He fcund that the central region of the
rabbit intrafusal muscle fibres always conféined a large number of nuclei,
and a correspondingly small amount of contractile material. The concentration
of nuclei was greatest in the equatorial region, and dimiiiished towards the
poles. Barker named the central region the "nuclear btag" region of the
iﬁtrafusal fibre, and the adjoining regions the "myotube" regioms.

BfH.CT Matthews in 1933 modified and extended the original technique of
Adrian & Zotterman (1926) for recording the electrical activity of nerves, -
and was able to record the afferent discharge of single stretch receptors
in various muscles of the cat. Earlier, Fulton & Pi-Suner (1928) had
deduced that muscle spindles,. which lie in parallel with the extrafusal
muscle fibres would be silenced by the contracticn of the muscle, and that
tendon organs, which lie in series with the extrafusal fibres would be excited
during muscle contraction. The differences in the behaviour of the A and B

type endings of Matthews (1933) gave experimental support to this view.



Matthews was also first to demonstrate experimentally the excitation
of muscle spindles by the activation of motor necrve fibres., He found
that the afferent discharge of some of his A type endings was elevated
when a repetitive stimulug was applied to the muscle nerve at a slightly
higher strength than that required to produce 2 mzximal contraction of the
muscle. Matthews suggested that this excitation of the A type endings
was caused by the recruitment of the small higher—threshold motor nerve
fibres to thé intrafusal muscles, which Ruffini had first described and
which subsequently had been proved to bLe motor nervés (#insey 1927; Hines
& Tower 1928).

In 1945, Leksell located a small wave in the compound action poteutial
of the L7 ventral root evoked by the stimulation of the gastrocnemius muscle
nerve. He proved that this wave was caused by a group of motor nerves th:h
had a higher electrical threshold then the'main group of motor fibres, and
which conducted at a slower rate than the main motor nerves. Earlier,
Langley (1922) and Eccles & Sherrington (1930) had demonstrated a bimodal
distribution of the diametérs of the myelinated motor axons in the ventral
roots, and Langley (1922) had proppsed that the smaller motor merves supplied
the muscle spindle intrafusal muscle fibres. Leksell (1945) was'able to
block selectively the conduction of action potentials in the large motor
nerves by applying ?ressure to the sciatic nerve, and showed that the
activation of the remaining small motor axons did excite muscle spindle
sensory endings. Erlanger & Gasser (L237) had termed the large motor axoms
in the ventral roots the "alpha" motor nerves, and Leksell named the smaller
motor nerves the "gamma" motor axons.

Leksell (1945) was however unable to determine conclusively whether

the gamma motor axons also innervated the extrafusal muscle fibres.



In 1951, Kuffler, Hunt & Quilliam introduced the now common technique

for the preparation of "single-unit" filaments of the dorsal and ventral
spinal nerve roots, and showed that simultaneous stimulation of six gamma
motor fibres produced.nb detectable increase in the isometric tension of
tie whole muscle, proving that the gamma fibres did not innervate the
extrafusal muscle fibres. They alsé confirmed and extended the findings

of Leksell (1945) and showed that stimulation of single gamma axons in

the ventral rocts increased the rate of discharge of single muscie spindle
afferent axons in tine dorsal roots. Later, Hunt & Kuffler (195la; Iuffler
& Hunt 1952) demonstrated that all muscle spindle afferé;ts could be excited
by at least one gamma motor axon, some by as many as five, and that
conversely a single ganma motor fibre might excite several muscle spindle
afferent'axonsf Clearly, the muscle spindle had been shown to be a cense
organ under efferent contcel from the sPin;1 cord.

The "present picture" of muscle spindle structure began to emerge in
the late 1950's and early 1960's, when detailed histological examinacion of
human muscle spindles by Coopér & Daniel and of cat muscle spindles by
Boyd, led to the realisation that the intrafusal muscle fibres were mrobably
of two types, which differed on several counts (Cooper & Daﬁiel 1963; Boyd
1958a, 1960, 1962). Boyd named the smaller and shorter type of intrafusal
muscle fibre the "nuclear chain" fibre, which differed from the larger
"nuclear bag" Iibre (Barker 1948) in that the nuclei in the equatorial region
were fewer and arranged in a single file. Boyd also described further
differences between the microscopical structure of the nuclear bag and the
nuclear chain fibres of the cat spindie, which included differences in their
diameter and innervation (Boyd 1962). The central primary sensory ending had
its afferent nerve terminals on all of the intrafusal muscle fibres, while

the secondary sensory ending lay‘mainly on the nuclear chain fibres with



occasional collateral terminals on the nuclear bag fibres. Boyd (1958a,
1960, 1962) also observed that while the motor innervation of the nuclear
bag fibres concisted of plate endings like the ones originally described
by Ruffini (1898), the motor endings on the nuclear chain fibres appeared
to consist of a diffuse "network" of nerve terminusls. These diffuse
endings were definitely moteor, since they persisted after removal of the
‘dorsal root ganglia. Dayd (1962) proposed tﬁét the two different forms of
motor nerve ending were supplied by different pcpulations of gamma motor
fibres, one (yi1) supplying the plate endings on the nuclear bag fibres and
another (Y,) supplying thc diffuse motor endings on the nuclear chain fibres.
Boyd also moticed that the 7y motor axons had é larger diameter than the Y,
axons close to the spindle, and suggested that the two kinds of gamma axons
were derived from two types of stem fibres in the muscle nerve.

In 1962, Boyd & Davey presented evide;ce at the Hoag Kong Symposium on
muscle receptors which showed that in some de-afferentated muscle nerves,
the small gamma motor axons could be divided into two groups on the basis of
their myelin thickness. They proposed tentatively that the thickly and
thinly myelinated gamma axéns in the muscle nerve were the stem fibres of
the Y, and Y, axons, which innervated the nuclear bag arc¢ the nuclear chain
fibres respectively. However, Boyd's view of the indepeadent motor
innervation of the nuclear bag and nuclear chain.iibres was strongly disputed
by Barker (1962), who felt that the nuclear ci:ain fibres could also be
innervated by Y, akbns and the nuclear bag fihres by v, axons. The ensuing
debate between Barker and Boyd at the Hong Kong Syapcsium was the start of
a controversy that has yet to be completely résolved.'

Adal & Barker {1965) undermined the relationship suggested to exist
by Boyd & Davey (1962) between the thickly and thinly myelinated small

axons in the muscle nerve and the Y, and Y, motor axons, when they followed

.



the small diameter axons for long distances in teased muscle preparations
and found no consistent correlation between the diameter of an axon in

the muscle nerve and its diameter close to a muscle spindle. However, this
did nothing to refute Boyd's picture of the mutually indeperndent motor
innervation of the nuclear bag and puclear chain fibres,whi;h was again the
subject of debate at the Stockholm Symposium in 1965. Barker & Ip (1965)
did not find a true "network" of motor nerve terminals on the nuclear chain
fibres as described by Boyd (1962), and at the Stockholw Syxposium it was
decided to modify the terminology from "yl and Y, motor ending" (Boyd 1962)
to "y-plate" and "y-trail" endings, thus referring more to the form of the
motor endings on the intrafusal muscle fibres. -

Jansen & Matthews (1961, 1962) meanwhile had recorded the response to
stretch of single muscle spindle affercont endings in the decerebrate cat
with the ventral roots intact, and for coméarison the response of the endings
to stretch after the ventral roots were cut. They found that with the
ventral roots intact, the response of some primary endinzs to the dynamic
phase of a ramp stretch waé much erhanced compared to the response after
de-efferentation, while other primary endings appeared to be much less
dynamically sensitive than when subsequently de-efferentated. The normally
small dynamic responses of secondary endings were even less with the ventral
roots intact than after de-efferentation. Jansen & Matthews suggested that
the nuclear bag fibres were responsible for the greater dynamic responsiveress
of the primary ending, while the nuclear chain fibres upor which the secondnry
ending predominantly lies (Boyd 1962) increased the static sensitivity of
the primary ending. Matthews (1962) went on to study the effects of
functionally single efferent fusimotor axous on single primary and secondary
sensory endings, and f0uhd that the gamma fusimotor axons could be divided

into two functional classes on the basis of their action on the primary



endings. Stimulation of some fusimotor axons increased the dynamic
responsiveness of the primary endings, while other fusimotor axons
decreased the dynamic sensitivity and increased the static sensitivity.
Matthews named these two groups the "dynamic" and "static" gamma axons,
according to which component of the response to stretch of the priwmary
ending was enhanced the most.

Crowe & Matthews (1964a, b) further studied the "dynamic" and
"static" classificatiuon of gamma fusimotor axons ip the soleus muscle.

They introduced the term "dynamic index", to quantify the measuremeni of
the dynamic responsiveness of the primary ending, and defined it as the
decrease in the discharge rate of the ending which occurs over 0.5 scc
immediately after the end of the dynamic phase of stretch, while the
muscle is held extended. Fusimotor axons which when activated increased
the dynamic index were classified as "dynéﬁic", while others which
decreased the dynamic index were classified as "static'". Significantly,
the action of a giQen fusimotor axon was found to be either static or
Gynamic on each of the primary endings that it influenced, indicating that
this was indeed the property of the motor axon rather than due to differences
between individual spindle sensory endings (Crowe & Matthews 1964b).

Brown, Crowe & Matthews (1965) extended the functional classification
of gamma.fibres to muscle spindles in the tibialis posterior muscle, and
restated Matthows (1862) suggestion that the dynamic and static gamma axons
corresponded to the Y, and Y, axons of Boyd (1962), innervatipg the nuclear
bag and nuclear chaiu fibres respectively. They also established that the
conduction velocities of the dynamic and static fusimotor axons overlapped
considerably, though the slower gamma axons with conduction velocities
below 25 m/sec tended to be static in their action. The "static" and

"dynamic" functional subdivision thus appeared not to correspond to thne

10



subdivision of gamma axons on the basis of their dismeters and degree
of myelination (Boyd & Davey 1962) and on the basis of their conduction
velocities (Boyd & Eccles 1963).

Appelberg, Bessou & Laporte (1966) studied txze simultaneous action
of single dynamic and static fusimotor axons on primary and secondary
sensory endings which were sensitive to small surface deformations of
" the same area of “he tcuuissimus muscle, and which were therefore probably
located in the same muscle spindle. They found that dynamic axons did not
excite the secondary senscry endings, while static axons regularly excited
both ?rimary and secondsry sensory endings. There findings fortified the
suggestion of Mattnews (19¢2) and Brown, Crowe & Matthews (1965) thaf the
dynamic fusimotor axons innervate the nuclezr bag fitres and the static
axons the nuclear chain fibres, and fitted In well with Boyd's (1962)
picture of the sclective independent innef§ation of th: nuclear bag and
nuclear chain fibres.

Direct observation of the isolated cat zand rat muscle spindle (Boyd
1958a, 1966; Smith 19606) showed that the nuclear bag fibres contracted
more slowly than the nucléar chain fibres, as had been suggested on
indirect evidence by Crowe & Matthews (1964t). Bessnu, Laporté & Pages
(1968a) developed a method of averaging the response of a sensory ending
to fusimotor stimulation, which consisted of suéerimposing many successive
sweeps of a display of the instantaneous frzguency cf discharge of the
ending ¢n a storage oscilloscope, while keepiué tue stimulus synchronised
with the sweep. They named the composite pictuze which resulted from upto
30 superimpositions the "frequencygram". Modulations in therfreQuencygrahs
of primary endings during static fusimotor stimulation suggested that the
static gamma axons produced fast twitch contractions of the intrafusal
muscle fitres, while dynamic gamma axons appeared to produce slower

contractions which "fused" at low frequencies of stimulation. However,

11



because of the variability in the frequencygrams elicited bv static
gamma stimulation (Bessou et al 1968b), the authors preferred not to
propose that the fast nuclear chain fibres were responsible for the
static fusimotor action gnd the slower nuclear bag fibres for the
dynamic fusimotor action.

Meanwhile, Barker and his colleagues continued to challenge thev
prevailing "simple" picture of the independent motcr immervation of the
nuclear bag‘and the nuclear chain fibres (Boyd 1962). Rarker & Ip (1965)
and Barker, Stacey & Adal (1970) found histologicaily that individual
gamma axons often innervated both nuclear bag and nuclear chain fibres.
‘Barker et al (1970) described in detail the form of the ;late and trail
endings of the fusimotor axons as revealed by light and electron microseccpy,
and subdivided the plate endings into P and p» types on the basis of
differences in their microscopical structére. The p, and trail endings om
the intrafusal muscle fibres are thought to be derived from gamma motor
fibres, but the p; endings probably are terminatiovns of becra motor axons,
which innervate extrafusai and intrafusal muscle fibres (Adsl & Barker 1965;
Bessou, Emonet-Denand & Laporte 1865).

An elegant series of experiments performed by Barker; Fronet-Denand,
Laporte, Proske & Stacey (1971, 1973) left no doubt that non;selective
innervation of the nuclear bag and nuclear chain fibres by individual
gamma axons can occur. In these.expetimenté, a single gamma axon to the
tenuissimus muscle of the cat was located in an intact ventral root filament,
and the remaining filaments of the ventral roofs were cut. Then, after
7-12 days to allow for the degeneration of the cut motor axons, the remaining
gamma axon was classified as static or dynamic in its action by observing
its effect on the integrated electroneurogram of the tenuissimus muscle

during simusoidal stretching. The muscle was then histologically prepared
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to allow the remaining single gamma axon to be traced, and the nature

of its terminaticns as well as the intrafusal muscle fibres it innervated
were established. Only static gamma axons were encountered in this series
of experiments, and they were all found to terminate in trail endings.
However, poles of the muscle spindles in ﬁhich the nuclear chain fibres or
the nuclear bag fibres were selectively innervated by the static gamma axons
- were only half as common as those where the innervation was shared non-
selectively.

These experiments diszgreed to a large extent with the observations
of Boyd (1971) and Boyd & Ward (1975) on isolated muscle spindles, where
the large majority of fusimotor axons recruited in the muscle nerve by
increasing stimulus stength were found to be seléctive in their intrafusal
distribution, and produced contractions either in the nuclear bag or the
nuclear chain fibres only. 867 of the fusimotor axons were selective in
their action, while only 117 produced contraction of both the nuclear bag
and the nuclear chain fibres.

Brown & Butler (1973, 1975) determined the nature of the intrafusal
muscle fibres in tenuissimus muscle spindles whose glycogen content
appeared to be diminished or eliminated by repetitive stimulation of single
static or dynamic fusimotor axons over a period of 3 hours, with the blood
supply to the muscle occluded for some of this time. Their results (1973)
showed that stimulation of d&namic fusimotor cxons alsrays depleted the
glycogen levels of the nuclear bag fibres aﬁd that static gamma stimulation
always depleted the giycogen levels of the nuclear chain fibres, but also
that the static gamma axons frequently produced glycogen'deplefioh in' the
nuclear bag fibres. Later, Brown & Butler (1975) in a series of experiments
on the peroneus longus muscle confirmed that static gamma axons always

depleted tte glycogen levels of the nuclear chain fibres but that 50-75Z of
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the time, one of the two nuclear bag fibres of the spindle was also
aifected. This bag fibre was found to be always the larger of the two
bag fibres in the spindle.
| In 1975, Bessou &:Pages published a detailed account of the nature
of the intrafusal muscle fibre contractions produced- in tenuissimus
spindles by stimulation of dynamic and static fusimotor axons. The
spindles were isolated from the muscle for observation, but their aiferent
and efferent counecticns remained intact; and theix blood supply was
maintained adequately. They found that of the eleven dynamic fusimotor
axons studied in their experiments, all produced a localised contraction
in the nuclear bag fibres, and in this they agreed with a preliminary
report by Boyd, Gladden, McWilliam & Ward (1973). The nuclear bag fibres
activated by dvnamic fusimotor axons never received any static gamma
innervation. Of a tctal of 38 static fusimotor axons, however, one-third
produced contraction of the nuclear chain fibres only, and three static
axons selectively pfoduced contractions of the bag fibres. Twelve further
static axons also produced contractions of the nuclear bag fibres, but a
possible collateral innervation of the nuclear chain fibres in tuese cases
was not investigated. The remaining eleven static axons innervated both
the nuclear bag and the nucliear chain fibres. The contraction of the nuclear
bag fibres whicii were activated by dynamic fusimotor axons were slower and
smaller than in thosc nuclear bag fibres which comtracted durirng static
fusimotor stimulation. The nuclear chain fibres contracted and relaxed ﬁore
rapidly than the nuéiear bag fibres (see also Boyd et al 1973).

Meanwhile, histological and ultrastructural eviden;e was emerging that
supported the existence of two kinds of nuclear bag fibre in mammalian muscle
spindles. Ovalle & Smith (1972) named the nuclear bag fibre which contained

acid-stable, alkaline-labile myosin ATPase the "bag{" fibre, and the cther
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nuclear bag fibre which contained acid-stable, alkaline-stable myosin
ATPase the "bagz" fibre. Banks, Barker, Harker & Stacey (1673) and
Barker & James (1974) described differences in the equatorial diameter,
histochemistry and ultrastructure of the cat and rabbit intrafusal muscle
fibres, They named the longer and tlicker of the two nuclear bag fibres
of the cat spindle the "typical bag fibre, which also hacd medium to high
levels of glycogen, succinic dehydrogenase (SDH) activity and actomyosin
ATPase activity. The other nuclear bag fibre was named the “intermediate"
bag fibre, and was shorter, thinner and had low levéls cf glycogen and
actomyosin ATPase activity with mediuvm SDH activity. Glad2en (1974) showed
that the numbers and relative thicknesses of the elastic fibres associated
with each of the two nuclear bag fibres in the cat spindie was significanrly
different, indicating that the two bag fibres may behave differently during
and after stretching of the spindie. Gladden (1976) has also shown that
one of the two bag fibres of isolated cat muscle spindles is more sensitive
to topically applied acetylcholine than the other {see page 19),

The ob#ervations of Bfown & Butler (1975) and Bessou & Pages (1975)
had suggested that though static aud dynamic fusimotor axons cculd both
produce contractions in the nuclear bag fibres, the nature of the bag
fibres made to contract by static axons was different from those bag fibres
made to contract by dynamic fusimotor axons. Boyd, Gladden, McWilliam &
Ward (1975b, 1977) and Boyd (19762, b, ¢) studied the contractions produced
in the intrafusal muscle fibres of isolated tenuissiumus muscle spindles
by stimulation of dynamic and static fusimotor axonms, and from a large numver
of observations concluded that all muscle spindles contain two distinct types
of nuclear bag fibre, which differ in their contractile characteristics and
their innervation. Dynamic gamma axons, and beta axons, produced focal

contractions in only one of the two nuclear bag fibres of the muscle spindle,

-
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and this nuclear bag fibre was never activated by static fusimotor axons.
Boyd et_al named this bag fibre the "dynamic nuclear bag" fibre, or DNB

for short., Static gamma axons were found to be less specific in their
intrafusal distribution, and produced contractions either in the nuclear
chain fibres alecae, or in the s2cond of the two nuclear bag fibres alone,
or in this bag fibre and che nuclear chain fibres. The nuclear bag fibre
" innervated by static gamma axcas, which usually was the larger and stronger
of the two in the spindle, was named the "stacic zuclear bag" fibre, or

SNB for short. Boyd et al (1977) correlated thgir cbservations with histo-
chemical data, and showed that the DNB and the 3NB correspond to the bagl
and bag, fibres respectively (Ovalle & Smith 1972Z). Furcther, Boyd (1976c)
and Boyd, Gladden & Ward (1977) showed that the méchanical behaviour of the
two bag fibres differed significantly immediatelw following an extension
appliec to the muscle spindle. The DNB fiBre exhibited a slow "creep"
towards the equator of the spindle after the completion of stretching, so
that the extension of the primary afferent axon sensory spirals on the DNB
decreased by about 207 over 0.5 to 1 sec after the end of stretching. This
“"ereeping" of the DNB was éccentuated by dynamic fusimotor stimulation, or
the application of succinylcholine (Boyd et al 1977). The SNB and thg nuclear
chain fibres did not show a similar "creeping" action. 3Boyd et al (1977)
suggested that this mechanical "creeping'" of the DNB contributes to the
adaptation of the Ia afferent discharge after the end of stretching.

The recent'recognition of the fact that the mammalian muscle spindle
contains two different nuclear bag fibres, however, has not lessened the
debate over the intrafusal distribution of the motor terminals of the static .
gamma axons. Boyd, Gladden, McWilliam & Ward (1977) stressed their finding
that the DNB and the SNB were indepzndently controlled by dynamic and static

fusimotor «xons respectively, and proposed that two independent systems of
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efferent control of the spindle existed, the ''dynamic' system and the
"static" system. Glycogen depletion studies (Barker et al 1975b, 1976)
and direct observations (Bessou & Pages 1975) agree with the findings of
Boyd et al as regards'the motor nerve terminals of the dynamic fusimotor
axons, which 1ie»on the "dynamic" or bag, fibre. However, the glycogen
depletion studies provide evidence which conflicts with the direct
observations of Boyd et al as regards the innervation of the intrafusal
fibres by static gamma axons. Browﬁ & Butler (1975) found that the glycogen
content of only one of the nuclear bag fibres was depleted during static
gamma axon stimulation, and that this nuclear bag fibre was always the larger
of the two, suggesting that it was the "static" bag, fibre, This agrees
with the findings of Boyd =t al (1977). However, Brown & Butler (1973)
had earlier fcund that static gamma axons frequently depleted the glvcogen
levels of both nuclear hag fibres, and Barker et al (1975b, 1976} found that
bag1 (dynamic) fibres as well as bag2 (static) fibres were depleted of
giycogen during stafic gamma stimulation. The depletion of bag, (static)
nuclear bag fibres by static fusimotor axons agrees with the findings of
Boy et al, but not the depletion of bag, (dynamic) nuclear bag f£ibres, Boya
et al (1977) have suggested that the depletion of the bag1 fibres during
static gamma stimulation may be indirectly caused by the pattern of inter-
mittent activation and ischaemia used in the experiments of Barker et al,
and not by the preseuace of static gamma axon motor terminals on the bag,
fibre. On the cther hand, Barker et al have stressed the possibility that
some weak contractiﬁns of the intrafusal muscle fibres may have been masked
by stronger simultaneous contractions of other intrafusal fibres in the
experiments of Boyd gg_gl.

A recent report by Barker, Bessou, Jankowska, Pages & Staéey (1978)

presented results from 37 experiments where visual observations of tha
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intrafusal contractions produced by dynamic and static gamma stimulation

and the recording of intrafusal membrane potential changes were followed

up by histological determination of the fibre type innervated by each
fusimotor axon., These results showed that thirteen intrafusal fibres
innervated by static axons were either baé2 or chain fibres, and that

seven of nine fibres innervated by dynamic axons ware bag, fibres, in good

- agreement with the findings of Boyd et al (1977). However, Barker et al
(1978) found that two of nine intrafusal fibres inacrvated by dynamic axons
appeared histologically tec be a bag, and a long.chain fibre respectively.
For the moment at least, the directness of the observations of Boyd et al
compared with the indirectness inherent in the hiztochemical methods employed
by Barker et al, favours the picture of the indepéndent motor innervation of
the "static" and "dynamic" systems of the cat spindle envisaged by Boyd et

al (1977).

Recently, however, the broadly accepted functional subdivision of the

gamma efferent axons into "static" and "dynamic" types according to their
effects on the response of pricary sensory endings tc stretch (Matthews 1962,
1972) has been critically re—examined by Emonet-Denand, Laporte, Matthews &
Petit (1977). Using large triangular and ramp stretches, Emonet-Denand et
al applied a series of criteria only one of which was the change in the
dynamic index (uheir pages 844-846) to the action of fusimotor axons on the
discharge of muscle szindle Ia sensory erdinge in the peroneus brevis muscle
of the cat, and searched for fusimotor effects that could be recognized to
fall between thé well known static and dynamic types. When individual
fusimotor axons were studied and their actions on several of the spindles
they innervate were taken into account, their functional division into

"static" and "dynamic" types was.found to be "virtually complete". Thus,

every fusirmotor axon was concistent in being predominantly static or dynamic
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in its action, though its action on an individual primary ending may or

may not be absolutely clear. When the actual effects of fusimotor axons

on individual primary endings were considered, then only about two-thirds

of the fusimotor actions were found io be purely "static" or "dynamic".
Emonet-Denand et al subdivided the actual effecis of fusimotor axons into

six categories, where the two extreme categories I and VI were "pure dynamic"

and "pure static"

respectively. Category III contdined fusimotor effects
which were apparently "unclassifiable" as either "static” or "dynamic”,
while the remaining categories included various 3dmixtures of apparent
static and dynamic actions. Such "mixed" actions could be simulated by
the concomitant stimulation of "pure dJdynamic" and "'pure static" fusimctor
axons., These findings led Emonet-Denaud et al to propose that "the
distribution of the motor innervation to the different intrafusal muscle
fibres shows a degree of overlap, rather than a complete dichotomy", and
consequently that their observationc "serve to soften any conceptual
difficulty experienced on finding that a given fusimotor fibre inéludes
the unexpecfed kind of intrafusal fibre in the distrihutijon of inmervatior,
provided that it primarily suppliec the expected kind of intrafusal fibre".
However, the observed '"mixed" actions of some fusimotor axons were perhaps
too readily attributed to a "mixed" innervation of several intrafusal fibres
by those axons, and the possibility exists that some of the apparently
"mixed" effects may result from differeuces in the strength and location of
the intrafusal contractions produced in différent spindles by individual
gamma axons., This possibility is discussed in the light of the results of
the present study, on page 10l. '

A line of investigation parallel to but separate from the question of

the motor innervation of the intrafusal muscle fibres has been centred around

the obvious complexity of the muscle spindle as a sense organ, and the
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mechanical and electrical factors which might interact in the generation
off the afferent discharge of the compound primary sensory ending (see
Matthews 1972, Ch. 6). The concept that the separate spiral sensory
endings of the Ia axoﬁ on different intrafusal muscle fibres may signal
different aspects of the mechanical forcés acting on the spindie, has been
generally accepted for some time. How two or more such signals may be
mixed for transmission via the single Ia afferent axon, however, has not yet
been extensively explored experimentally. The precise pattern of branching
of the Ia axon close to the primary ending, and the degree of myelination
of each branch, appears from a preliminary study made by Banks et al (1977) not
to be stereotyped and predictable, unlike the frog "single-type' muscle
spindle afferert axon (see Ito et al 1974). Two possible alternative means
of mixing the c¢lectrical signals originating in the individual spirals of
the Ia axon exist, and have been discussed’in detail by Matthéws (1972).
One possibility is that the receptor potentials generated at each of the Ia
sensory terminals add together at a unique pacemaker site where tﬁe Ia
arferent impulses are initiatedf The Ia afferent discharge would in this
case reflect the instantaneous sum of all the receptor potentials acting on
thke one pacemaker site. Alternatively, it is possible that each, or some,
of the Ia sensory terminale has its own pacemaker which initiates action
potentials in the branch of the Ia afferent axon that supplies it, and the
Ia afferent discharge is then determined by the interaction of several
trains of action potentials at branch-points of the Ia axon. In this case,
the Ia afferent discliarge would be the same as that of the pacemaker with
the highest instantaneous frequency of'discharge (Matthews 1972; Eagles &
Purple 1974). |

Experimental investigations carried out to date have sought to

characterise the effects on the Ia discharge of the combined simultaneous

20



stimulation of static znd dynamic fusimotor axons, and from the éhanges
observed to deduce the nature of the interaction between the intrafusal
fibres activated by the fusimotor axons (Crowe & Matthews 1964b; Lennerstrand
1968; Schafer 1974; Hulliger, Matthews & Noth 1977a, b, c). Huliiger et al
have shown that the effects of static and dynamic fusimotor activatiosm
surmed to some extent during dynamic extension of the spindle, but that the
static activation appeared to occlude the dynamic activation during shortening.
Thiese findings complemented and extended the earlier results of Lennerstrand
(1968). Hulliger et al felt that the sumnation observed during extesrsion of
the spindle was probzably caused by electronic spread of generator potentials
to a common pacemaker site, but the occluding effects seen during shtortening
could either be caused by the interaction of mechanical forces between
individual intiafusal muscle fibres which might cause one of them to be
unloaded, or by the "switching" of the site of the pacemaker for the 1a
afferent axon (Crowe & Matthews 1964b)f

These recent e#periments have supported the view that several different
éacemakers probabiy exict ipr the cat muscle spindle (see for example Hulliger
et al 1977c), as there appear to be in the frog spindle (Broshenk:z & Westbury
1973, 1974a, b, 1976b; Ito et al 1974)? However, a limitation is placed on
the interpretation of the effects of concomitant dynamic and static fusimotor
activation in these experiments by the fact that it is not known which of
the intrafusal muscle fibrcs of the spindle are activated, and how strongly,
by each of the fisimctor axons employed (see Boyd et al 1977; Barker 1976).

This point is taken further in the light of the results.of the present study,

on page 104.
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LITERATURE REVIEW: PART 2

The excitation of muscle stretch receptors by Suxamethonium,



Granit, Skoglund & Thesleff (1953) were the first to report that
SCh excited muscle spindle sensory endings in the cat. Earlier, Hunt
(1952) had reported that acetylcholine increased the rate of discharge
of muscle spindle sensory endings in the soleus muscle of the cat, and
suggested that the contraction of the intrafusal muscle fibres was tiie
most likely reason. Granit et al studied the effects of bolus injections
of SCh into either the ipsilateral deep femoral artery or via the contra-
lateral femoral artery into the aortic bifurcation, on the discharge of
muscle spindles in the gastrocnemius, soleus and tibialis anterior muscles
of the cat, at different static muscle lengths.

The concentration of SCh required to excite muscle spindles was found
to vary from animal to animal, ranging from 10 ug to 100 ug SCh injected
into the aortic bifurcation. Nevertheless, high-frequency discharges could
always be elicited from siindles in a compietely slack muscle; providing a
large enough dose of SCh was given. This finding, and also the fact that
sufficiently high concentrations of SCh could still excite muscle spindles
in the presence of d-tubocurarine, led Granit et al to conclude that their
results were "very ruch in favour of the view that SCh, whatever effects it
may have on the gamma end-plates, also stimulates the sense organs directly"
(their page 148). Thus, while Hunt (1952) had suggested that ACh caused the
contraction of the intrafusal muscle fibres which stretched the central
sensory endings, Granit et al felt that SCh probably z21so had a further
electrical actio:n on muscle spindle sensory endings.

In the same experiments, Granit et al also examined the effect of intra-
arterial injections of SCh on the static discharge rates of Golgi tendon
organs in the soleus, tibialis anterior and gastrocnemius muscles. They
were unable to detect any effects of SCh on the discharge of the tendon

organs, even after large doses of SCh (up to 500 Mg) were made. From this
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they concluded that the electrical action that SCh appeared to have on
muscle spindles, did not extend to the tendpn organs.,

Some years later, Briﬁling & Smith (1960) studied the effect of SCh
on Ia afferent axons from the gastrocnemius muscle of the cat, with the
intenticn of establishing the site of action of the drug in the muscle
spindle. They tested the effects of continuous infusions as well as

"injections of SCh into the external jugular vein ca the static discharge
rates of primary sensory endings., They found no evidence for tachyphylaxis
or cumulation of the effects of single injections, provided that a
sufficient time was allcwed to elapse between admiaistrations of the drug.
This varied from 10 to 30 minutes, depending on the dose of SCh injected.
The dose-response curve of gastrccnemius muscle spindle Ia endings had a
skewed sigmoid shape, leading the autﬁors to suggest that SCh may have more
than one site of action in the muscle spinéle. Vhat thase possible sites
of action might be, however, the authors did not elabcrate.

Intravenous infusions of SCh at rates of 2CO and 400 pug SCh/Kg body
weight /minute raised the static discharge rates of Ia enlings gradually to
a sustained plateau frequeﬁcy which appeared to depend oa the rate of SCh
infusion. Higher rates of infusion of SCh produced an initial "high-
frequency response" between 80 and 90 imp/sec in the example illustrated
in their paper, with a subsequent plateau at a 16wer frequency of discharge.
Physostigmine pretreatment potentiated the eZffects of SCh on the Ia endings{
and on this basis the authors suggested that the (ontraction of the intra-
fusal muscle fibres must play a part in the excitxticm of the Ia endings
by SCh, whether or not a further direct action of the drug on:the sensory .-
nerve terminals also occurred.

Further experiments which attempted to distinguish between the possible

direct and indirect actions of SCh on muscle spindle Ia sensory endings were
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carried out by Smith & Eldred (1961), who demonstrated that in gastrocnemius
muscle spindles whose intrafusal muscle fibres had been made to contract
irréversibly by fusimotor stimulaticn in the presence of rynodine, the
effects of SCh on the Ia gfferent discharge were reduced, The effects were
not completely abolished, presumably because only one of the fusimotor axons
supplying the muscle spindle was activated during rynodire administration,
which left the intrafusal muscle fibres not innervated by this fusimotor axon
still in a nﬁrmal state. In other experiments where all the extrafusal and
the intrafusal muscle fibres of the teunuissimus muséle vieie made to cowtfact
irreversibly by stimulating the entire ventral roots or the muscle nerve in
the presence of rynodine, the effects of SCh on the Ia endings could be

made to disappearf However, the authors noted from the "tightened, blanched"
appearance of the muscle after this treatment that the blood circulation In
the muscle, and thus the supply of SCL to éhe muscle spindles, was severely
impaired. These experiments showed that the effects of SCh on the Ia
endings vere at least in part due to the mechanical shorvering of the intra~
fusal muscle fibres since ﬁhe effects of SCh were reduced when scme of the
intrafusal muscle fibres were made o contract by rynodinef However, the
possibility of a concomitant electrical action of SCh on the sensory nerve
endings, as suggested by Granit et al, was not ruled out.

Ottoson in 1961 showed that in isolated frog muscle spindles whose
intrafusal muscle fibres had been cut or crushed some distance from the
equatorial sensory endings, SCh or ACh did not increase the spontaneous
discharge rate of the primary sensory ending. This appears to rule out the
possibility that ACh and SCh have direct electrical effects on the Ia sensory
nerve terminals, at least in the frog muscle spindle, and indicates that the
predominant action of the drugs in the froz spindle is via the contraction

of the intrafusal muscle fibres,
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However, Douglas & Gray (1953) have shown in the cat that close
intra-arterial injection of ACh can elicit trains of action potentials
in cutaneous mechanoreceptor afferent axons, which are probably caused
by a direct depolarising action of the drug on the sensory nerve terminals.
The minimum concentration of ACh required to excite the cutaneous sensory
endings was found to be lo—smg/ml. Further, Douglas & Ritchie (1960) found
that doses of ACh as low as 2 Ug given intra—arterially can produce a
similar direct excitation of the discharge of both myelinated and unmyelinated
cutaneous afferent axons.

Thus, it is possible that ACh and SCh also have direct electrical
effects on mammalian muscle spindle sensory endings, independently cf their
actions on the intrafusal wmuscle fibresf Ferrell (1977; PhD thesis) has
shown that the tonic discharge rate of some mechanoreceptors in tke cat knee
joint ligaments is elevatcd after intraven;us injections of SCh of 200-500
ug/Kg body weight. This excitation is pfesumably caused by an electrical
action of SCh on thé afferent nerve terminals, since these mechanoreceptors
ére not associated with musculature as are muscle spindle sensory endings.
However, Kidd & Kucera (1969) have shown that in the rat, a direct electrical
excitation of the Group III afferent axons from muscle only occurs following
injection of doses of SCh ten times higher than those required for muscle
spindle excitation. ’

- Fehr (1965) studied tlhe effects of intravenous injections of SCh on
the static dischzrge rates of primary and secondary sensory endings of the
same muscle spiudle.in the tenuissimus muscle of the cat, and described
several differences between them. Secondary sensory endings were excited
to a much lesser degree than primary endings by the same dose of SCh, ofzen

showing only a slight increase in their discharge frequency. Further, in

a given spindle, the primary sensory ending always showed a shorter lag
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time to excitation following an injection of SCh, sc much so that in
some cases the excitation of tte primary ending had reached its peak
before the seccndary ending of the same spindle had shown an increase
in its discharge rate.
Fehr suggested that the nuciear bag as well as the nuclear chain
fibres of the muscle spindles were made to contract by SCh, thus exciting
‘both primary and sccondary sensory endings by mechanical stretch. In order
to explain the difference in time lag between injection and excitation of
primary and secondary endings Fehr suggested that the nuclear bag fibres
contract sooner and more quickliy than the nuclear chain fibres following
the injection of SCh. Fehr thus discounted any need for SCh to have an
electrical effect on the sensory nerve terminals, though Lis experiments did
not provide any evidence showing that electrical excitation did not occur.
All the evidence discussed so far had beer obtaired with muscle spindles
under static conditions. Rack & Westbury (1966) took 2 significant step
forward when they examined the effects of intravenous injections of SCh on
soleus muscle spindle primary and secondary sensory erdings during dynamic
stretching of the muscle. Under their experimental conditions, SCh caused
a largé increase in the response of primary endings to the dynamic phase
of a ramp-and-hold stretch, and a smaller increase in thcir response to the
change in muscle length. This increase in the dénamic sensitivity of the
Ia endings was dependent on the dose of SCh injected, put with higher doses
of SCh the peak discharge frequency in response to a ramp stretch reached an
upper limit, which varied from spindle to spindle. Close intra-arterial
injections of SCh also increased the dynamic sénsitivity'ofIIE:endings in éﬁ
similar way.,
The dose of SCh reqi:ired to excite primary sensory endings was found to

vary not only from cat to cat as reported by earlier workers (Granit et al
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1953; Brinling & Smith 1960), but also to vary fromISPindle to spindle
in the same animal.

The effects of SCh on the discharge of secondary sensory endings were
not as marked as those on primary sensory endings, as reported previously
by Fehr (1965)f SCh did not increase the dynamic sensitivity of secondary
endings, but increased their response to both the dynamic and the extension
phases of the ramp stretches by roughly equal amcuats, with the result tha;
the dynamic index did not change significantly.

The behaviour of spindle sensory enlings with afferent axon coﬁduction
velocities between 60 and 80 m/sec ("intermediate conductiowv velocity
afferents") in the presence of SCh was also studied in thcse experiments.
Rack & Westbury found that of 16 such "intermediate" sensory endings, 11
experienced an increase in their dynamic sensitivity and thus behaved like
primary sensory endings after injection of ﬁarious amounts of SCh and ACh,
while the remaining 6 intermediate sensory endings responded to the drugs
in the same way as secondary sensory endings. ~They were thus zble to
élassify all "intermediate".sensory endings as either primary-like or
secondary-like, according to the efiects of SCi on their dynamic sensitivity
to stretchingf

Rack & Westbury also examined the effects of SCh on fusimotor activity,
and noted the great similarity between the effects of SCh on the la sensory
endings and the effects of dynamic fusimotor'stimulation. Dynamic fusimotor
activation appeared to summate with the effects of SCh on the primary sensory
endings, until the maximum discharge frequency of the senscry axon was
reached. Static fusimotor stimulation in the presence of SCh however increased
the primary afferent discharge at the initial.and final muscle lengths of the
ramp stretch, but did not affect the enhanced response of the Ia endings to

the dynamic phase of stretch.
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Since the effects of dynamic fusimotor stimulation were very similar
to the effects of SCh on primary sensory endings, Rack & Westbury suggested
that the two effects may be "mediated by the same intrafusal mechanism".
Smith (1966) had eartier reported that some of the intrafusal muscle filres
of the rat spindle, like "slow" muscle fibres in amphibia and birds, went
into sustained contraction in the presence of SCh. Rack & Westbury suggested
that in the cat spindle the dynamic sensitivity of the primary ending may
be governed by similer "slow" intrafusal muscle fibres, which when made to
contract by SCh produced the typical increase in the dynamic¢ sensitivity of
Ia endings characteristic of dynamic fusimotor activation.

However, Rack & Westbury also noted in passing‘that the primary afferent
discharge pattern often se=n during the first minute following the injection
of large doses ¢f SCh was different from the typical dynamic behaviour mainly
described in their paper. During the firséﬂminute after such an injection,
many primary sensory endings behaved as if they were under strong simultaneous
dynamic and static fusimotor stimulation. As a possible explanation, they
suggested that during this period the "other intrafusal fibres which usually
mediate the static fusimotor activity" (presumably they meant the nuclear
chain fibres) were undergoing transient contraction, similar to the
fasciculation of extrafusal muscle fibres before the omset of paralysis.

Smith (1966) visually observed the effects of SCh on the intrafusal
muscle fibres of the isolated rat muscle spindle, and found that SCh produced
a sustained contracture of "slow" intrafusal muscle fibres, presumably the
nuclear bag fibres. 'Fast" intrafusal muscle fibres, presumably the nuclear
chain fibres, could be made to contract by direct electrical stimulation, but
after a few minutes in the presence of SCh the response of these fibres to
electrical stimulation was abolished.

Boyd (unpublished, see Gladden 1976) in his experiments on isolaied

-
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cat muscle spindles also made similar observations, though he did not
see contracture of the nuclear bag fibres on every occasicn. From these
experiments nevertheless it began to emerge that the nuclear chain fibres
were not made to contract by SCh or ACh, contrary to the suggestion made
by Fehr (1965).

In 1976, Gladden while studying the differences in the characteristics
of the two nuclear bag fibres of the cat muscle spindle {Boyd et al 1675),
tested the effects of the direct application of ACh on the intrafusal muscle
fibres of the isolated muscle spindle. Her experimeﬁts were performed with
the spindles at a very short length, short enough to "kink" the nuclear
chain fibres and also the nuclear bag Zibres (Boyd & Wara 1975). When ACh
was applied to the isolated spindle, the two nuclear bag fibres were seen
to contract and straighten, whilst the ruclear chain fibres did not contrect
and remained "kinked". Furthermore, ACh iﬁ a concentratiocn of 10_5mg/m1
caused only one of the two bag fibres to contract, showing that one of the
two bag fibres was more sensitive to topically appiied Ath than the other.

On the basis of indiréct tests, Gladden showed that the more sensitive
of the two bag fibres was the dynamic nuclear bag fibre (Boyd et al 1975).
ACh in a concentration of lo-umg/ml therefore first made the more sensitive
dynamic nuclear bag (DNB) fibre contract, and about 10 seconds 1atef the
other nuclear bag fibre (the static bag fibre, SNB) went into contraction.

In later experiments, Boyd & Gladden (aé yet anpublished) have confirmed
these findings, and also shown the DNB fibre to be more sensitive to topically
applied SCh than the SNB fibre., This difference in the seusitivity of the
two bag fibres to ACh and SCh has been used as a routine test in recent
experiments on isolated muscle spindles where fusimotor axons were not
available for stimulation (Gladden & McWilliam 1977), when the DNB fibre in

the isolated muscle spindle was distinguished from the SNE fibre by its
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higher sensitivity to ACh and SCh (cf. Boyd et al 1975).

From these experiments, the effects of SCh on the intrafusal muscle
fibres of the cat spindle seem clear. Whether in vivo SCh also has an
additional electrical action on the sensory nerve terminals themselves,
however, is open to question., The excitation of secondary sensory eadings
by SCh (Fehr 1965; Rack & Westbury 1966), which lie mainly on the nuclear
chain fibres, also remains to be explained, since the chain fiﬂres are not
made to contract by &Ch. Finally, the contraction of the two nuclear bag
fibres in the preseunce of SCh may provide a useful alternative to the
stimulation of gamma fusimotor axons as a means of activating the muscle
spindle sensory endings.

Referring to this kind of "chemical" activation of the muscle spindle
in his closing speech at the Hong Kong Symposium on Muscle Receptors in 1962,
Granit pointed out that tkis was "one more<road of advance that hasn't been
used much so far" in the study of the internal working of the muscle spindle.
Since 1962, "chemical" activation has played a part in the gradual elucidation
of spindle function particvlarly in studying the differences in the behaviour
of primary and secondary sensory endings, in which context Granit had made
his remark. The present work explores further this alternative "road of

advance".
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METHODS



A total of 68 cats over a period of three years were used in the
experiments described in this Thesis. Each animal was starved for 24

hours preceding an experiment,

SURGICAL PROCEDURES

Anaesthesia

The cats were initially anaesthetised by intraperitoneal injection
of sodium pentobarbitone (Sagatal or Nembutal, May & Baker, Ltd.) in a
dose of 45 mg/kg body weight. During thé experiments, whenever periodic
checks on the depth of anaesthesia indicated the necessity, cmall doses

of anaesthetic (6-12 mg) were given intravenously, “

Tracheotomy and cannulation of the external jugular vein

The anaesthetised animal was laid sqpine on an opcrating table., The
fur on the ventral surface of the neck was.removed, and a midline incision
3em long was made in the skin from the hyoid arches towards the sternum.

The skin was freed from the underlying muscles by blunt dissection. The
sterno-hyoid and sterno—maétoid muscles thus exposed were separated along

the midline, revealing the‘tracheaf A 15cm length of linen thread was

passed under the trachea using an aneurism needle. The trachea was opened
between adjacent cartilaginous rings and a glass tracheal cannula of

suitable size was inserted while holding open the cut with a pair of Spencer-
Wells forceps. The tracheal cannula was secured iu place (Fig. 1).

The left external jugular vein was located and freed of connective
tissue over about 2cm of its length. A red-luer nylon cannula (Portex Ltd.)
filled with 0.97 saline was inserted into the vein. The tip was advanced
about 5cm and the cannula was tied in place. The skin incision was closed

with two michel suture clips.
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Fig. 1. Ventral aspect of the neck, showing the polythene
cannula inserted into the external jugular vein and the
glass cannula in the trachea.

Fern. N. Obt. N.

Fig. 2. Medial surface of the left leg showing the femoral
and obturator nerves.



Denervation of the left hind limb: femoral and obturator nerves

The skin over the medial aspect of the left thigh was cleared of
fur. A 3cm skin incision was made along the line of the femoral blood
vessels, and held open by means of retracting hookks (Fig. 2). The femoral
nerve was located, followed up to its point of exit from the abdominal wall
at the dorsal iliopectineal arch, and there it was cut. The obturator
" nerve was cut as it crussed over the adductor femoris muscle (Fig. 2). The
skin flaps were brought together and the incisiom closed with two michel

suture clips.

Cannulation of the right femoral artery -

The femoral blood vessals were exposed in the right thigh by making a
similar incision as above (Figf 3)? The femoral! artery was separated from
the fencral nerve and vein over the upper half cf the thigh. Two lengtﬁs
of linen thread were passed under it, and the lower end »f the freed artery
was ligated. A pair of Spencer-Wells forcepc were clamped on the artery a
littie above the upper ligature, The artery was opened between the ligatures
and 2 pink-luer nylon cannula (Portex Ltd.) was inserted, The upper ligature
was made firm but not tight around the cannula, and the Spencer-Wells forceps
removed. The caunnula was passed up the artery mmtil the tip was estimated
to be at or near the bifurcation of the aorta. -The upper ligature was then
made secure. A third ligature was then secured around the femoralvartery
as high ué in the thigh as possible (Fig. 3). This ligature served to
restrict the back-flow of suxamethoniuﬁ when infused through the cannula.

The skin incision was closed with michel suture clips, and the animal was.

turned over to lie prone on the operating table.
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Fig. 3. Medial surface of the right 1leg, showing the
polythene cannula inserted into the femoral artery.

Fig. 4. The exposed vertebral column from L4 to SI.



Laminectomz

The skin on the back of the animal was cleared of fur from the
level of the L4 vertebra to the base of the tail, and a midline incision
was made in the skin'from'the level of L5 to S2. The skin on both sides
was freed from the underlying fascia by blunt dissection. Cutaneous
nerves emerging from the body wall and running to the skin on the left
side of the animal were located and cut. ?wo parallel incisions of the
same length és the skin incision were made in the superficial fascia, one
incision on either side of the dorsal processes of fhe lumbar vertebrac.
The latissimus dorsi muscles on both sides were separated from the lumbar
multifidus muscles of the vertebral cclumn, and held aside by retracting
hooks. Dentist's rolls soaked in hot saline were applied to the é;posed
muscles for about 15 seconds, in order to coagulate their blood supply.
The multifidus muscles were then cleared from the vertebral column and
removed. Fig. 4 shows the vertebral column from L5 to S1 as exposed by
this procedure.

The articular and maﬁmillary processes of the exposcd vertebrae
were removed using a large_pair of bone nibblers. The vertebrae were then
removed in the order L7, L6, L5, and finally S1. Removal of the transverse
processes of the vertebrae allowed a greater than normal movement of the
vertebral joints. To begin the laminectomy the joint between S1 and L7 was
opened by grasping the L7 dorsal process in Spencer-Wells forceps and
lifting the vertebral column das much as possible. One jaw of a small pair
of bone nibblers was inserted into the joint and the bone forming the wall
of L7 was cut away. Lifting the vertebral column encouraged the spinal cord
to remain on the floor of the vertebral canal, out of the way of the bone
nibblers. Once a sufficient portion of the wall of the vertebra had been

cut away, a larger pair of bone nibblers was used to remove the rest of the
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vertebra. Each vertebra from L5 to S1 was removed in a similar fashion.
The walls of the vertebrae were trimmed down and sharp protusions of

bene removed (Fig. 5). The edges of the vertebrae were packed with Gel-
Foam, which absorbed any slow bleeding from the remaining damaged portions
cf the vertebral muscles and encouraged coagulation. The spinal cczd was
covered with moist cotton wool rolls and the skin incision closed with

michel suture clips.

Preparation of the soleus muscle

The skin over the muscles of the calf and knee of the left hind limb
wvas cleared oi fur, and an incision was made from over the popliteal fat
pad to the heel of the foot. The fat pad was graspad in Spencer-Wells
forceps‘and reflected laterally, cutting the blood vessels supplying it
between double ligatures. The sciatic nerve which was thus revealed was
cleared of connective tissue, and its branches in this area including the
sural and percncal uerves were cut.

The medial and lateral heads of the gastrocnémius muscle were separated
and the medial gastrocnemius muscle was reflected aside. The flatter, larger
tendon of the soleus muscle was separated from the tendon of the medisl
gastrocnemius muscle, which was cut. The deﬁervation of the lower leg was
completed by cuttiag the leash of nerves supplying the muscles of the
ventral aspect of the calf and the knee jgint, the nerves to the medial and
lateral gastrccnemi, and the sciatic nerve itself distally to the origin of
the soleus muscle nerve. The connective tissue sheath of the central end
of the cut sciatic nerve was slit open and a length of approximately 1.5cm
of the soleus muscle nerve isolated, so as to allow stimulating electrodes
to be placed under it later (Fig. 6). A stout linen thread about 15cm long
was stitched into the soleus muscle tendon, which later would be attached
to a muscle stretching system.

-
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Fig. 5. The spinal cord revealed after the completion
of the laminectomy.

Fig. 6. The dorsal aspect of the left leg showing the
soleus muscle and its muscle nerve, after extensive
denervation.



A short skin incision was made over the sciatic notch, and by partial
reflection of the biceps muscle the sciatic nerve was exposed. The nerve
was followed up into the hip region, and the many branches of the main
nerve including the éranial gluteal, caudal gluteal, caudal femoral
cutaneous, and the pudendal nerves were cut. The nerves from the sacral
plexus to the tail were also located in the base of the tail, and cut.

The lesser sciatic nerve and the nerve to tenuissimus were revealed by
following the main nerve a short distance toward the knee,'and cut. This
completed the extensive denervation of the left hind limb ith the cxception
of the soleus muscle, The skin incisions were closed‘ with michel suture

clips and the cat was moved across to the recording area.

Preparations for recording

For the duration of an experiment the cat was supported in a Lrass
frame fixed to a steel plate of dimensions 64 x 45 x 0.8cm as shown in
¥ig. 7. The steél’plate rested on four 7 x 7cm foam rubber pads, which
served to cushion the preparation from vibratory‘influences in the
laboratory. The cat's head was fixed in a head~holder adjusted to a
suitable height and inclination. A knitting needle was passed through
the muscles of the back abecut 2cm craniad té the laminectomy, and fixed
tn the brass framec by means of clampsf

The skin flaps around the laminectoqy were raised to make a pool into
which paraffin oil at 37°C was poured. The walls of the pool were made
by clipping a l-inch wide strip of exposed X-ray film to the edge of the
skin flaps. A similar paraffin pool was constructed over the left hind
1limb, using an oval brass frame instead of the X-ray film. Two infra-red
lamps (250W) mounted on a bracket above the animal and operated by a
'dimmer switch were used to maintain the rectal temperature of the animal

between 35 and 37°C.
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Fig. 7. The animal supported in a brass

frame on the experimental table.

Fig. 8, The extracted dorsal roots (top) and ventral roots
(bottom) of spinal nerves SI, L7, and L6.



The remaining procedures were carried out under x6 or x10
magnification provided by a Zeiss binocular dissecting microscope. The
dura mater was opened along the midline over the length of the laminectomy.
The dorsal and ventral roots of the spinal nerves 31, L7 and L6 were cut
close to their points of entry into the spinal cord, and reflected over
the muscles on either side (Fig. 8). The dorsal roots were now subdivided
‘to give "single-unit" filaments containing single active muscle spindle.

and tendon organ 2fferent axons, as described on nage 39.

ELECTROPHYSIOLOGICAL METHOUDS

Apparatus

Fig. 9 shows diagrammatically the electronic apparatus us2d in these
experiments. Action potentials were recorded from small filaments of the
dbrsal roots, using shielded bipolar silver wire recording electrodes., The
action potentials were amplified 1, 2, 5 or 1G thousard times by a rack-
mounted preamplifier, which liad teen constructed by myself with.valuable
assistance from the Electronics Unit of the Institute of Physiology.

The amplificd action potentials were dispiayed on the upper beam of a
Tektronix 502A oscilloscope. They were also fed into a window-discriminator,
which was used to select the relevant spike if there were more‘than one size
of action potential recorded ir the dorgal root filament. An audio monitor
built into the window discriminator provided an auditory check on the correct
triggefing of the discriminator. In additior, the discriminator produced
one standard - iSV pulse output for each action potential selected. When
necessary, these standard pulses were displayed on the lower beam oﬁ ;hen
502A oscillosnope, and the cofrect triggering of the window discriminator
was monitored.

The standard pulses provided by the discriﬁiuator were fed into an

instantanecus pulse-interval meter and the instantaneous frequency of
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Fig. 10. A. The output of the pulse-interval meter. Upper trace,
action potentials. Lower trace, pulses output by the meter. Each
dot represents an action potential, and its height above the zero
baseline is proportional to the instantaneous frequency. B. Calibration

curve for the pulse-interval meter.



discharge was displayed onvone beam of a 4-beam Tektronix storage
oscilloscope. The output of the pulse-interval meter is illustrated
in Fig. 10a, and appeared as a series of pulses above a zero baseline.
Each pulse represents the occurrence of an action potential, and the
height of the pulse above the zero baseline is proportional to the
reciprocal of the time-interval between that action potential and the
preceding one. Fig. 10b shows a calibration curve for this instrument.
The meter is-seen to be linear over the frequenéy range 3-600 Hz.

By selecting a different mode of cperation i éhe pulse~interval
meter, a different form of output better suited to display on a pen-
recorder could be obtained. This alternative mode of dicplay consigted
of a positive-going DC voltage which varied proportionally to the instant-
aneous frequency of discharge. Howevei a drawback of this alternative
mode of operation was that when a previousiy discharging sensory ending
suddenly became silent, as for exawple a muscle spindle primary ending
following a ;hortening of the muscle, the DC voltage maintzined its last
instantaneous value, and did not fall immediately to zero. Jn some
instances, therefore, pen-recorder traces of instantaneous frequency had
to be retouched for illustration. - .

A Devices Digitimer was used to synchronise the various recording and
stimulating equipment. A synchronising pulse was available to trigger the
two oscilloscopes at the start of each cycle; Twoc independently variable
"gates" were available within each cycle, which were used to operate a
Devices gated pulse-train generator aad a muscle stretching unit respectively.
The gatéd pulse-train generator was used to provide triggering pulses to an
isolated stimulator (Devices Sales Ltd.). Bipeclar silver wire stimulating
electrodes similar in design to the recording electrodes were used for

stimulation.
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Fig. 11 illustrates the muscle stretching system used in these
experiments., The muscle stretching unit it;elf consisted of a coil
through which a variable current was passed, causing a central armature
to move, The muscle to be stretched was attached to a lever which
amplified the actual movemernt of the central armature., The amplitude
of displacement of the unioaded stretching 1e§er was variable stepwise
"from O.5mm to 5mm, and the time-course of displacement was similarly
variable from 0.15 sec to 2 sec. A range of ramp-and-hold stretches of
various awplitudes and rise-times cguld thus be generated.

A significant shortcoming of this stretching systen was however
that there was no feedback rrom the moving armature to indicate the true
displacement and the rate of displacement that occurced in practice when
the stretching lever was attached to the soleus wuscle. Since no other
more suitable stra2tching systems were availéble far use at the time, a
photoelectric device was constructed which allowed the displacement of
the stretching lever to be followed accurately. I am grateful to the
Elecéronics Unit for advice and guidance in its construction.

Fig, 12 illustrates thé principle of operation of the device. A
photosensitive potentiometer strip was mounted under clear perspex in a
wooden block at a suitable height, so that a small light-emitting diode
attached via a short cross-bar to the stretching'lever moved close to its
surface, A 6V battery was connected across tue potencionacer, and the
~voltage across the circuit with the room light: switzhed off and the LED

in a central position over the potentiometer strip was backed off to zero.

The movement of the LED in one direction now produced a positive DC voltage, . -

and in the other direction 2 negative DG woltage, preoportional to the
amplitude of mwovement (Fig. 12b). The LED in fact moved along a slight arc

over the photosensitive strip because of the arrangement of the lever, but
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Fig. 11. The muscle puller and its control unit.

Volts
0-6

Fig. 12. A: The photosensitive length transducer attached to the
puller unit. B: Calibration curve for the length transducer.



its proximity to the photosensitive strip minimised the variation in
incident light intensity thus caused.

Examination of the behaviour of the muscle stretching system in
several experiments showed that there was a reascnably close matching
between the puller drive signal and tie displecement actually produced,
for stretch amplitudes of up to 3mm starting at moderate iuitial muscle
lengths. Since the photosensitive device could not be used with the main '
laboratory lights switched on, for the wmajority of the ermeriments the
puller drive signal was taken to be a close apprcximétion of the actual
displacement produced by the sgretching unit.

In later experiments (see Results, Section VII) a mcie advanced muscle
stretching system was employed, which Lad been designed and constructed by
Mr. Anthony Auriemma of the Department >f Electronics and Biomedical
Engineering, University of Southera :’,‘alifox"nia° This muscle stretching unit
was servo-controlled and an output indicating the actual displacement of the
muscle was directly available from a built-in length trausducer. The
stretching unit was driven.by a Servomex wave-form generator, and was capable
of applying ramp stretches of 4mm (waximum amplitude) against static loads

of up to 1 kilogram. : - ‘

Preparation of '"single-unit" dorsal root filaments

The dorsal roots of L7 and S1 spinal nerves and sometimes of L6 were
subdivided to give small filaments containing single active afferent axoné
from muscle spindles and tendon organé in the soleus muscle. A bipolar
silver wire stimulating electrode was placed in a position to stimulate the
soleus muscle nerve in the leg pool. The Devices isolated stimulator was
set to apply single shocks of 0.l msec duration, 0.2 to 1.0V as required

to elicit a strong muscle twitch. The Digitimer cycle time was set to
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trigger the isolated stimulator every 600 msec.

Individual natural rootlats of the dorsal roots were teased free

and placed in turn on a bipular recording electrode in the spinal pool.

The electrical activity of cach rootlet was amplified and displayed on

one beam of the Tektronix 5C2A oscilloscope. The Digitimer triggered

the oscilloscope every 600 msec, 1 msec before the stimulus was applied

‘to the muscle nerve, The oscilloscope sweep speed wz2s set initially to

1 msec/division and rootlets which showed regular =zvoked potentials 1 to 5
msec following tﬁe muscle nerve shock were isolated. These rootlets were
then subdivided to give filament& which countained only one active afferent
axon, as judged by its evcked potential, spike héight and regularity of
discharge. When such "single-unit" dorsal rvot filaments had been prepared,
short silk threads of different colours were tied to their ends to identify
them .

Muscle spindle afferent axons were distinguished from tendon organ
afferent axons on the basis of their differing behaviour during the muscle
twitch produced by the supramaximal muscle nerve shock (Fig. 13; Matthews,
1972, Ch.2)T ~Musc1e spindle afferent azons were silenced during the
contraction of the muscle, while tendon organs fired a2 burst of several
impulses during the muscle contraction. The conduction velocity of the
isolated afferent axons was calculated from the éelay between the muscle
nerve stimulus and the dorsal root evoked poitential, and the conduction
distance between the recording and stimulating electrodes which was measured
in situ at the end of the experiment. Muscle spindle afferent axons
conducting at a velocity faster than 80 m/sec Qere taken to be frbm:primarf'r
sensory endings, and those conducting slower than 60 m/sec to be from
secondary sensory endings. Spindle afferent axons with conduction velocities
between 60 and 80 m/sec were taken to be from "intermediate" sensory endings

(Matthews 1972, Ch.4; Rack & ‘Westbury, 1966).
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Fig. 13. L.H. column: the discharge of typical primary, secondary

and tendon organ sensory endings during a muscle twitch (lowest trace),

Each record starts with the stimulus artefact. R.H.

column: Impulse-
frequency response of the sensory endings

to a ramp stretch of 3 m,
starting at the same initial muscle length in each case.

Fig. 14. The Watson-Marlow Hi-Flow Inducer and the thick-

walled silicone tube used for infusion of SCh.



EXPERIMENTAL PROCEDURE

Suxamethoni:m (Scoline; Duncan, Flockhart & Co.) was infused or
injected either thirough & polythene cannula in the external jugular
vein or through a similar cannula in the contralat=ral femoral artery.

Fig. 14 shows the Watson-Marlow pump used for infusions and the thick-
~walled lmm internal diameter silicone tube through which the infusions
were made. A polytiene three-way tap made the conrnection between the
silicone tube and the polythene cannula., The pump flow rate was adjusted
to give an infusion rate of 1 ml/minute (% 0.1 ﬁl) through the silicone

<
tube, and the pump was used at this setting in all experiments.

Solutions of suxamethonium (SCh) for infusion were made up in 25 ml
of 0,9% saline by adding the ccrrect amount of the manufacturer;; stock
soluticn (5 mg/ml) measured using a 100 pyl capacity microsyringe, to
produce a concentration of 100 ug SCh/Kg body weight/ml. The pump infusion
rate of 1 ml/minute ihus delivered 100 ug SCh/Kg/minute into the circulation
of the animal,

For injections, the appropriate volume of the stock solution measured
by the microsyringe was added to 0.15 ml of 0.97 saline ir a 1 ml syringe
and injected, followed by 0.5 ml saline to clear the capnula.

When in one animal more thzarn one infusion or a series of injections of
SCh were made, a4 minimum time was allowed tc lapse betwzen administrations
of the drﬁgf For injections, tﬁis ranged from 15 micutes following an
injection of 100 ug/Kg SCh or less, to 40 minutes after a dose of 500 ug/Kg
SCh (Fehr 1965; Brinling &ASmith 1960). The minimum time allowed after an .
infusion of SCh at 100 ué/Kg/miﬁ was determined by tke iengﬁh of tiﬁe thétJ
the infusion was continued. For intravenous infusions of SCh which often

continued for 6 minutes or more at an infusion rate of 100 ug/Kg/min, the
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minimum recovery time was 45-50 minutes, For intra—arterial infusions

of SCh at a similar rate of infusion but which usually were continued

for a shorter time, a 25-30 minute recovery period was fcund to be
sufficient. Usually, two to five infusions were made in the same animal,
and the results from a given sensory enditg were found to be quantitatively
reproducible provided that an adequate time was allowea to elapse between
successive administrations of the drug (Brinling & Smich 1960),

During édministration of SCh, the a«nimal was artificialiy ventilated
by a Palmer respiratory pump connected to the tracheél canaula, The
ventilation frequency of thé;nmm was adjusted to be as nezr as possible to
the cat's natural breathing rate, and the stroke.volume c¢Z the pump was
adjusted by eye to produce a normal degree of chest inflation. The pump
was disconnected as soon as voluntary brgathing returned after fhe
administration of SCh. ‘

Once a suitable number of‘soleus muscle spindle and tendon organ
afferents had been isolated in the dorsal roots, the muscle stretching systam
(page 38) was set up to apﬁly a series of short~duration ramp-and-hold
stretches to the soleus muscle, The instantaneous frequency of the afferernt
discharge in response to this series of test stretches was displayed on ome
beam of the Tektronix storage oscilloscope, with the pullef driving signal
on a second beam, During the experiments the afferent discharge, the muscle
puller driving signal, and synchronising pulses from the Digitimer were
recorded on a Hewlett-Packard FM tape vecorder for subsequent analysis. In
some cases, the data was processed off-line by an 8K PDP-8 computer. The
object of the computer analysis and the program employed are described fully

in Appendix 1,
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RESULTS: SECTION I

The response of muscle spiﬁdlegprimary and secondary sensory endings to

repetitive stretches of short duration.

In the experiments described here, the effecté of SCh on the response
of soleus muscle spindle primary and secondary sensofy endings to ramp-and-
hold stretches of the muscle were studied. The test stretches were of
short duration, between 1 and 1.5 sec long. They were applied to the muscle
spaced by "rest" intervals of at least 1 sec.- In most experiments the
stretch applied was of 3 mm at 12 mm/sec; in many experimenés different
parameters were used, and are indicated as appropriate. This section
describes the response oi gypical primary and secondary sensory endings to
repetitive musclc stretching of this Eind.

Fig. %5 shows the response of a soleus muscle spindle Ia sensory ending
to a single test stretch {2 mm at 8 mm/sec) applied at various starting
muscle lengths. At each initial muscle length, the ending discharged at
its "resting'" adapted discharge frequency fér that length before the test
stretch was applied. In Fig. iSa, at a short initial muscle length, the
ending is silent for about 0.5 sec immediately following the release of
stretch, The discharge of the Ia ending then picks up again from the zero
baseline, taking aboat 2 sec to return to its "resting" adapted level.

At longer initial muscle lengths (Fig. 15b, c, d) the depression in
the activity of the Ia ending caused by thé release of stretch becomes less
marked. The period of silence in the discharge of the ending following the
release of stretch becomes shorter at longer initial muscle lengths, until
eventually the Ia discharge picks up immediately after the shortening of
the muscle is complete (Fig. 15d). 1In addition, at longer initial muscle
lengths the Ia discharge rate recovers its "resting"_level progressively

more quickly following the release of stretch (Fig. 15d cf. 15a).
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Fic. 15. The response of a soleus muscle spindle primary
sensory ending to a single test stretch (2 mm at 8 mm/sec)
applied at increasing muscle 1lengths. In this and following
figures, upper trace: instantaneous frequency of discharge;
lower trace: muscle puller drive signal. Before each test

stretch is applied the primary ending discharges at the
adapted "resting" discharge frequency for each initial muscle
length. Conduction velocity of afferent, 83 m/sec.



When a series of test stretches are applied at short intervals, the
depression in activity of Ia endings following the release of stretch
becomes apparent in the rate of Ia discharge between successive test
stretches, Fig, 16a shows the response of the smmebli ending to several
test stretches of the same parameters as in Fig. 15 applied to the muscle
spaced by 1 sec "rest" intervals. Before the stari of the stretching
'sequence, the Ia ending discharged at its adapted "resting" discharge
frequency of 14 imp/sec. Betwcen successive test ctretches, however, the
Ia discharge does not return tc its "resting" levei, recovering only
partially to reach an instantaneous frequency of discharge of 6 imp/sec
before the next test stretch is applied. The degree of recovery of the Ia
discharge between streﬁ;hes is quite constant, so that tte Ia discharge
rate just‘Fefore the application of each test stretch is close to 6 imp/sec
in this particular case. )

The response of the Ia ending to the dynamic and the static phases of
the test stretches is also constant, after the second stretch of the series.
The response of the Ia ending to the dynamic phase of the first stretch is
greater thsn the response té the following stretches (Fig. 16a), probably
reflecting an element of stiction within the muscle to be overcome by the
first stretch. Nevertheless, following the first stretch of a series of
test stretches applied at short intervals, the résponse of the Ia ending
to stretching tecomes quantitatively reproducitle (Fig. l6a).

In sume expgriments, Ia endings were found which did not recover to
a sufficient degree to be able to discharge at all between successive
stretches of a test sequence. These endings had low rates of discharge
at the starting muscle length, and could be made to discharge between test
stretches by increasing the initial muscle tension. Fig. 16b shows the
response cf the same Ia ending as in Fig. 16a but at a shorter initial

muscle length, as indicated by. the lower "resting" discharge rate of the
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a, b: The response of the same primary ending as in Fig. 15 to
several test stretches of the same parameters as in Fig. 15. In
a, the initial muscle length is the same as in Fig. 15b. In b,

the initial muscle length has been reduced to that in Fig. 15a.
Before the start of each sequence of test stretches, tne primary
ending discharges at its adapted "resting" discharge frequency at
the initial muscle 1length.

c: The response of a soleus spindle secondary sensory ending to
repetitive test stretching. The initial muscle length is the same
as that in a. Before the start of the stretching sequence, the
secondary ending uiscnarges at its adapted 'resting Giscnarge rate
for this initial muscle 1length. Conduction velocity of afferent,

40 m/sec.



ending before the start of the stretching sequence. The ending now

does not discharge at all between successive stretches. In such cases
too, the response of the Ia endings to the dynamic and sratic phases of
the test stretches were qgantitatively similar for the stretches following
the first test stretch, as Fig. i6b shows, Some Ia endings which remained
silent between successive test stretches showed marked "initial bursts"
(Matthews 1972) at the foot of each ramp stretcl.

Soleus ﬁuscle spindle secondary seunsory endings also bchaved in a
similar way during sequential muscle stretching, as.sbown in Fig., 1l6c.
Héwever, the depression in the activity of secondary seasory endings
following the release of stretch was not as marked as the effect on
primary sensory endings, with the resuit that secondary endings as a rule
recovered their "resting" adapted dischLarge rate betwecn the successive
stretches of a test sequence (Fig. 16c).

L

Series of test stretches were often continued for pericds of 30
minutes or more, before, during and after administration of SCh. Control
recordings from soleus muséle spindle primary and seccndary sensory endings
show that such series of stretches can be continued for indefinite periods
of time, without fatiguing the sensory endings (see also Rack & Westbury

1966).

DISCUSSION: TERMINOLOGY

Bronk (1929) showed in frog ﬁuscle stre;ch receptors presumed to be
muscle spindles that the recéptors coﬁld be "stretched for over a thousand
times with only 1 sec intervals of rest without showing appreciable
fatigue, provided the successive stretches were of short duration". 1In
the cat, B.H.C. Matthews (1931) found that a long-term after effect could
be produced in primary sensory endings in the gastrocnemius muscle, but

only if the muscle was held extended for many seconds. This after-effect

>
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(called by him the "adaptation remainder') disappeared after a few
seconds of rest. However, Matthews did not study the effects of
sequential short duration stretches of the kind used in the present
experiments,

The depression in activity of Ia sensory endings following thke
release of stretch presumably reflects an after—-effect of thé muscle
shortening on the electrical state of the sensory endings. Hunt &
Ottoson (1975) have recorded changes in the generator potentials of
primary and secondary sensory endings in isolated cat muscle spindles,
and showed that while stretch of the muscle depolarised the sensory
endings the release of stretch produced hyperpolarisation. The hypur-
polarising effects of muscle shortening on the generator potential of
primary sensory endings was much greater than on the generator potencial
of secondary sensory endings. As suggested by Hunt & Ottosoﬁ,the silence
and gradsgl recovery of the discharge of Ia sensory endings following
the release of strétch must reflect this hyperpolarisation of the
endings and their subsequent recovery from it. Increasing the initial
muscle length reduces the after—effects of the release of stretch, as
shown in Fig, 15, presumably because the greater initial depolarisation
of the endings couateracts the hyperpolarising after-effects of the
release of strecrch.

During a test scrquence of repetitive'stretchés, the fact that the Ia
discharge never recovers sufficiently between stretches as to reach the
adapted "resting" lével, indicates that the Ia endings are still hyper-
polarised to some extent when the following test stretch is applied. This
is a possible reason for the response of the ending to the dynamicvphase
of the second and following stretches being lesser than the response to the
dynamic phase of the first stretch (Fig. 1l6a, b). ﬁowever, since the

discharge of the Ia ending during the static extended phase of the ramp
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stretches is quantitatively similar for all the stretches, the higher
dynamic response to the first stretch may at least in part be due to
stiction within the muscle, as suggested above. In either case, soon
after the start of sequential test stretching, the response of Ia and
secondawy sensory eidings to sivetch becaﬁe quantitatively reproducible,

The effects of SCh o.a primary and secondary wensory endings were
“studied by following three parameters of the behawiour of the endings
during repetitive test stretching., These three psrameters are defined
below and also in Fig. i7.

(i) The initial discharze rate of the sensory ending, defined as

the rate cf discharge of the ending just before the appliication of the
second or following test stretch of a sequence oif stretchos;

{(i{i) The dynamic recponse of the ending, cdefined as the rate of

discrarge at the end of the dynmamic phase of stretrch;

and (¥di) The position response of the ending, defined as the rate of

discharge of 0.5 sec after the 2nd of the dynanic phase of the test
stretch, vhile the muscl> is held extended.

The initial discharge'rate of the ending dmring a sequence of test
stretches is determined by thé degree of reccvery that oncurs between
successive strecches from the hyperpolarising after-effect of each release
of stretch, as discussed above. Thus it is depehdent on the time allowed
for recovery between successive stretches, tie amnlitude of the test
stretch, the rate of release of the test stretch, and finally on the
inherent rate of recovery from hyperpolarisatiem of the sensory nerve
terminals themselves, .The,regovery time, the amplitude of strétch and the .
rate of release of stretch are comstant for a particular test frequency of
stretches; once a given sensory ending has settled down to give quantitatively
similar responses to the sequential test stretches, therefore, the initial

discharge rate of the ending then becomes a convenient measure of the rate
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Fig. 17. Definition of the three parameters of the behaviour of

muscle spindle sensory endings during repetitive test stretching,
with reference to a soleus muscle spindle primary sensory ending.

Initial discharge rate: frequency of discharge of the ending just
before the application s.f the second or following test stretch of

a sequence of stretches.

Dynamic response: frequency of discharge of the ending at the end
of the dynamic phase of stretch.

Position response: frequency of discharge of the ending 0.5 sec
after the end of the dynamic phase of stretch.



of recovery from hyperpolarisation of the sensory ending itself,

The dynamic response defined above is not the "dynamic response"
of Jansen & Matthews (1962), which is now termed the dynzmic index
(Crowe & Matthews 1964). However, the quantitative difference between
the dynamic and position responses as defined abuove is equal to the
dynamic index. The effects of SCh on the dynamic sensitivity of the
sensory endings in these experiments may therefore ba assessed in the
conventional'way by measuring the effects of SCh on the dynzuwic index.

The position sensitivity of the spindlc¢ semsory cndings during such
sequential test stretching, which determines the changs in the discharge

rate of the ending caused by the change in muscle length, is reflected in the
difference between the initial discharge rate and the position response.
However, for Ia endings this measure is not the same ac the ccnventional
measure of the true position sensitivity, Vhich is shown in the difference
betweewm the adapted '"resting" discharge at the initial muscle length and

the position response (Matthews 1972), Estimdtes of the position sensitivity
of Ta endings during repetitive test stretching can thus be wmade by
measuring the difference between the adapted “resting'" discharge rate and

the position response as long as the initial discharge of the ending is
below the "resting" discharge rate, or subsequently by measuring the
difference between the initial discharge rate and the position response
after the action of SCh has increased-the initial discharge rate to a valuez
the same as or above the control 'resting" activity.

As will become clear in the presentation of the Results, changes in the
three parameters defined above during SCh administration provided a useful
basis for analysis of the effects of SCh on the sensory endings. This was
made easier by the fact that in these experiments it was of interest to
examine ﬁhe changes produced by SCh in the sensitivity of the sensory endings

to stretch, rather than to determine the quantitative values for the true
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dynamic and static sensitivities of the endings. A fuller treatment of
the significance of changes in each of the parameters defined above will

be attempted in the General Discussion, in the light of the Results.,
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RESULTS: SECTION II

Activation of a typical soleus muscle spindle Ia sensory ending by

intra-arterial infusion of SCh.

Fig, 18 shows grapﬁically the changes in the initial discharge rate
(lowermost curve), the position response (middle curve) and the dynanic
response (uppermost curve) of a typical soleus muscle spindle primary
sénsory ending, during infusion of SCh into the aortic bifurcation (100
vg/Kg SCh/min). In ¥ig. 19, the response of the Ia ending to the test
stretches (3 mm ac 12 mm/sec) at various times during the iﬁfusion of
SCh are shown, to further illustrate the behaviour of the ending.

The "resting" adapted discharge rate of the Ia ending at the initial
muscle length irn the control condition was 13 imp/sec, but the initial
dischargé rate of the ending during the repetitive stretching sequence was
only 9 imp/sec {Fig. 192; Fig. 18)., The first change to be seen in the
behaviour of the ending following the start of SCh infusion took place
g7ithin 20 sec, when the initial discharge rate began to increase (Fig. 18,
"I"). This happened initialli without any change in the responce of the
ending to the test stretches themselves (Fig., 18, stretches 7 to 9)., As
the initial discharge rate continued to increase, the dynamic and position
responses then incrcased with it, though not to the same extent, so that
over about 15 seconds while the initial discharge rate rose from 9 to 20
imp/sec, the dynamic and position responsés both increased by only 4 imp/sec
(Fig. 18, stretches 7 to 11; Fig. 19b, first two stretches). Thus, the
net effect of SCh on the Ia sensory ending in this initial period was to
produce a large increase in the initiai discharge rate, which first
compensated for the discrepancy between the control initial discharge and
the "resting" discharge rates (Fig. 17) and then rose to a value abecve the
"resting" discharge rate of the énding. Though the dynamic and position
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Fig. 18. Changes in the dynamic response (D.R.), position response

(P.R.) and initial discharge rate (I.D.) of a typical primary sensory
ending during infusion of SCh into the aortic bifurcation at 100 yg/
kg/min. Infusion begins at time 0 and continues throughout, a - g
indicate times during the infusion when the records illustrated in
Fig. 19 were made. "I", "D" and "SM indicate the onset of Phase I,
IT and III of excitation respectively; see text.
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responses of the ending increased with the increase in the ianitial
discharge rate, the dynamic index remained the same as the control
value, at 14 imp/sec (Fig. i8). However, the increase in the initial
discharge rate above ithe "resting" discharge rate was greater than the
increase in the rosition responce over this period, and as a result the
position sensitivity of the eading decreased, from 7.7 imp/sec/mm in the
'pontrol condition ¢o 6.0 imp/sec/mm (strctch 11, Fig. 18).

Next, in this case 36 sec after the stari of SCL infusion, the
dynamic response cf the Ia ending increased dramatically (Fig. 18, "p";
Fig. 19c, d)f Over a period of 36 seconds (stretches 12 to 24 in Fig. 18)
the dynamic response rose fiom 54 to 404 imp/sec, an increase of almost
750Z. As the incréase in dynamic sensitivity devéloped, the Ia discharge
fgllowing the dynamic phace of stretch adaptod rapidly and in a curvilinear

fashion (Figf 19d4; first stretch in Fig, 19e). 'The porition response,
measured 075 sec after the end of the dynamic phase of stretch, therefore
increased by a much smaller amount, from 38 tu 150 imp/sec over the same
period. As a result the dynami:c index increased rapidly from 16 imp/sec
to 254 imp/sec (Fig. 18). This large increase ir dynamic sensitivity was
accompanied by a smaller increase in the positiuon sensitivity also, which
rose from 6.0 imp/sec/mm to 28.6 imp/sec/mm over the same period.

With continued infusion of SCh, the poéitioﬁ vesponse of the Ia
ending began to increase further, while the dvnamic respsuse remained high
(Fig. 18, "s"; Eig. 19e, last two stretchesg Fig. 19£f, g). This was
accompanied by a smaller rise in the initial Jischoarpe rate, so that the
position sensitivity of the ending approximately doubled, from.28;6 imp/. . -
sec/mm (Fig. 18, stretch 26) to 58.6 imp/sec/mm (Fig. 18, stretch 35).
Since the dynemic respcnse of the ending did not increase further while

the position response increased, the dynamic index was reduced from 254
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imp/sec before the increase in position respoﬁse to 143 imp/sec after
(Fig. 19%e, f, g).

The time course of adaptation of the Ia discharge after the dynamic
phase of the test stuet&h changed gradually over this period, from a
curvilinear form of decay to a more linear form (Fig. 19g). During this
transition, the discharge of the Ia ending became less regular (Fig. 19f).
The dynamic response of the ending decreased by a small amount during
this transition bui returned to its previous value after it (Fig. 18,
stretches 29 to 34). When the increase in position sensitivity had bccome
fully developed, the Ia discharge showed a sharp discontinuity imﬁediately
following the dynamic phase of stretch, which had not been present earlier
(Fig. 19g, cf. Tig. 19d, c¢). This discontinuity was made more obvious

when a few test stretches of larger amplitude (5 mm at 15 mm/sec) were
applied, as shown in Fig. 19h. ]

No further changes in the behaviour of the Ia ending were obsearved
with continued SCh infusion. Fig. 20 shows graphically the recovery of the
Iz ending from the effects of the infusion of SCh, which took place over
a period of some 5 minutes following the end of infusion, In Fig. 21,
the responses of the Ia ending to test stretches at the indicated times
during the recovery are shown.

Within 10 seconds of switching off the SCh infusion, the initial
discharge, position responce and the dynamic response began to decreasa
together and at apprcximately the same rate, so that while the absoiute
frequencies of discﬁarge of the Ia ending fell, the dynamic and pesition
sensitivities of the ending did not appear to change (Fig. 20, stretches
6 to 12). This was followed by a large decrease in the position response,
which decayed from 232 to 162 imp/sec over a period of 24 sec (Fig. 20,

stretches 12 to 20). The initial discharge rate decreased by only 16 imp/
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sec over this period, so that the effective position sensitivity of the
ending fell from 55.6 imp/sec/mm (Fig. 20, stretch 12) to 37.6 imp/sec/mm
(Fig. 20, stretch 20). Since the dynamic response also fell by a smaller
amount than the position response over this period, the dynamic index of
the endirg again increased, from 158 imp/éec to 206 imp/sec. The Ia
discharge at the extended lexngth of the test stretch gradually reverted

- to the more curvilinear form of decay (Fig. 21b, c). Thus, the increase
in positicn sensitivity which took place after the increase im dynamic
sensiéivity during infusioz of SCh, decreased befure the dynamic sensitivity
during recovery of the ending from the effects of infusion.

The remaining high dynsmic sensitivity of the Ia cading was maintained
without much change for about 45 sec after the poéition sensitivity had
decayed to its lower value, after which the dynanic sensitivity also
gradvally decayed (Fig. 20, stretches 40 oﬁwards). The decrease in dynamic
response was accompanied by a decline of the remaining position sensitivity
of the ending to control values. The dynamic index gradually decreased,
to reach control values about S minutes after thz end of SCh infusion.

To symmarise, the activation of this typical Ia sensory‘ending by SCh
appeérs to take place in three consecutive phases (Fig, 18). Initially,
there is a gradual facilitation of the initial discharge rate of the
ending, without potenfiation of the dynamic or pésition sensitivities of
the ending (Phase I cf activation, "I" in Fig. 18). This is followed by
a rapid, large increase in the dynamic sensitivity of the Ia ending,
éccompanied by a smaller increase in the posiiion seneiiivity, so that the
dynamic index increases markedly_(PhasevII of activation, "D" in Fig. 18)..
Finally, there is a further increase in the position sensitivity of the
ending, independently of the dynamic response, reducing the dynamic index

significantly (Phase III of activation, "S" in Fig. 18). During recovery
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of the Ia ending from the effects of infusion, the initial discharge
rate falls first (Fig. 20, Fig. 21b) but leaves the ending still with
high dynamic and position responses, as in Phase III of activation. The
position response then dec?eases, and the ending ceturns to & situation
where the dynamic sensitivity is high as in Pbase TI of activation. The
response of the ending to the test stretches then gradually returns td

normal, as the high dynamic sensitivity decays.
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RESULTS: SECTION ITI

Reproducibility of activation of Ia sensory endings by SCh.

In the course cf this work, the activation of Ia sensory endings
in the soleus muscle by intravenous (i.v.) SCh infusion as well as
intra-arterial (i.a.) SCh infusion was studied. In both kinds of
experiment, the rate of SCh infusion employed was 100 ug/kg/min, in
order to avoid excescively long recovery times following each infusion
(see Methods, page 41).

Infusion of SCh into the aortic bifurcation via a cannula in the
contralateral femoral artery was found to be the vcre reliable means
of activating soleus muscle spindle Ia sensory endings in a consistent
manner. 0f 20 Ia endings studied in 9 cats, 15 were successfully
activatea by i.a. infusion of SCh at 100 ug/kg/min, through the three
phases of excitation described above for a typical Ia sensory ending
(Section II). The remaining two cases developed large increases in their
dynamic sensitivity to stretch as in Phase II of uctivation of ﬁhe typical
Ia ending, but this was not followed by a further increase in position
sensitivity with continued SCh infusion (Phase 1II of activation). Fig. 22
shows the times frem the start of i.a. infusion c¢f SCh to the start of each
of the three phases cf activation ("I", "D" and "S" in Fig. 18)~for the 20
Ia endings studied in this way.

As can be seen from Fig. 22a, most Ia endings showed a facilitation
of their initial discharge rate (Phase I of excitation) within 40 sec of
the start of SCh infusion, and all of the endings studied were activated
within 60 sec. The différéﬁée in lag times between ii éﬁdiﬁgévis pfoﬁébiy“
not entirely due to differences in circulatory conditiéns in different

animals, e.g. in blood pressure, because in any given animal some Ia
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Fig. 22. The lag times from the start of intra-arterial infusion
of SCh (100 yg/kg/min) to the onset of Phase I of excitation (a),
Phase II of excitation (b), and Phase III of excitation (c) for
20 primary sensory endings studied in this way. Two of the Ila.
endings did not show Phase III of excitation.



endings were found to be much more sensitive tc SCh than others. To
give an extreme example, in one experiment one Ia ending showed a
rapid, large increase in ite initial discharge rate only 6 sec after
the start of an i.a. 3Ch infusion, while a different Iz ending did not
respond atc all for 4G sec after the start of infusion.

All twenty Ia endings studied during i.a. SCh infusion developed
‘large increases ip their dynamic sensitivity to stretch following the
initial facilitatory effect (Phase II of excitaticn), as Fig. 22b shows.
Two of the endings ohowed #n increase in the dynanic index between 15
and 20 sec after the start of infusion, while the wajority of Ia endings
entered Phase II of excitatisn between 20 and 60 sec afier the start of
infusion. The two more sensitive Ia endings also.had a relatively short
lag time bLetween the start of infusion and the start of Phase I of
excitation, the first being 6 sec and the éecond iz secc.

Eighteen of the twenty Ia endings showed a further increase in their
position sensitivity following the increase in dynamic sensitivity (Pﬁase
III of excitation)., The remaining two endings rémained in Phase II of
excitation, with a high dyﬁamic index and a characteristic fast adaptation
of the Ia discharge following the dynaﬁic phase of the test stretch, until
the SCh infusion was stopped when the response of the endings gradually
returned to normal. As Fig. 22¢ shows, the majoéicy of Ia endings studied
entered Phase III of activaticn between €0 and 120 sec Irom the start of
infusion., The two Ia endings which had shoft lag times to Phases I and II
of activation also had relatively short lag times o Phase III, the first
being 56 sec and the second. 70 sec.

In a different series of experiments, the activation of soleus muscle
épindle Ia endings by intravenous infusion of SCh into the external jugular

vein was siudied. Fig. 23 shows the time-course of activation of 20 Ia
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endings by i.v. infusion of SCh at 100 Hg/kg/min, in a similar format

as in Fig. 22. As Fig. 23a shows, all twenty la endings studied in this
way were activated through Pﬁase I of excitation, but whiie some of the
endings were activated soon after the start of infusion, cothers required
the SCh infusion to be continued for well over 100 sec before showing
any effect.

Of the 20 Ia endings, three did not show further changes in their
responses to stretch after Phase I of activaticn, and 17 were activated
through Phase II of excitation (Fig? 22L). Agair rhough some Ia endings
showed an increase in their dynamic sensitivity within ore minute of the
start of infusion, others did not do so until the infusion had been
continued for a much longer time.

Only 8 of the 20 Ia endings were successfully activated through
Phase III of excitatio; by i.vf infusion of SCh (Fig, 23c). Thus, of
20 cases, 17 showed an increase in their dynamic sensitivity during SCh
infusion (Phase II of excitation), and in only 8 cf these caces was this
followed by a further increase in the position sensitivity (Prase III of
activation).

In three preliminary ekperiments, the activation of three Ia sensory
endings by intravenous injections of SCh was studied. The response of
one of the Ia endings to test stretches following zn injecticn of 300 ug/
kg SCh is shown in Fig. 24. The injection was made 10 sec before the first
stretch shown in Fig. 24, and the response of the ending to this stretch
is identical to control responses., Following this lag period, the Ia
ending was rapidly activated through the same sequence of events as
described above for a typical Ia sensory ending during SCh infusion ’
(Section II). First, the initial discharge rate of the ending accelerated
quickly ("I", Fig. 24). This was not caused by an increase in the static

sensitivity of the sensory ending, however, as the response of the ending
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to the test stretch immediately following "I" in Fig. 24 shows. Instead,
this initial increase in the initial discharge rate appeared to be the
result of a general facilitation, analogous to Phasg I of activation
during SCh infusion. The recording was then disturbed by a short period
of extrafusal fasciculations. This was followed by.a large increase in
the dynamic response of the ending, so that the dynamic index increased
from about 67 imp/sec at "D" (Fig. 24) to 230 imp/sec 16 seconds later.
This is analogous to Phase II of activation of a typical Ia sensory
ending during SCh infusion. The position response then increased furtiher
vhile the dynamic response of the ending remained high ("S", Fig. 24),
so that the dynamic index decreased from 230 to 135 imp/sec (penultimate
stretch in Fig. 24). The dynamic response of the ending decreased by a
small amount as the position response increased, but then returned tc its
previous value, This increase in the posiﬁion sensitivity is equivalent
to Phase III of activaticn of a typical Ia sensory ending during SCh
infusion. |

Injection of esmaller doses of SCh produced graded effects on the
responses of the Ia ending to stretchf Fig. 25 shows the maximuu dynaomic
and position responses and the maximum initial discharge rate reached by
the ending following the injection of various doses of SCh. Injection of
doses of SCh upto 20C pg/kg produced a related increase in the dynamic
response of the onding, hut higher doses of SCh did not increase the dynamic
response much further. Injection of a dose of 50 ug/kg SCh produced a
marked increase in éha discharge of the ending between successive stretches,
but only a small increase in the dynamic response, as shown in Fig. 26a.

After injections of doses of SCh of 150 Hg/kg and above, the positicn
response of the ending increased through two stages, as described for a

300 pg/kg SCh injection (Fig. 24). Following injections of doses belcw
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150 nug/kg SCh, however, the second stage of increase in the position
response ("S", Fig. 24) did not occur, and the position response
remained relatively low (Fig. 25)., Fig. 26b shows the response to test
stretches of the Ia ending following an injection of 100 ug/kg SCh, to
illustrate this }ointf Thus, duses of SCh of 150 ug/kg and below
activated this Ia ending through the equivalent of Phases I and II of
‘activation, while the third and final stage of activation was only seen
following injections of doses of SCh above 150 ugfig.

In the two other experiments where Ia endings were studied following
injections of SCh, it was fouund that while facilitatory and dynamic effects
equivalent to Phases I and 1I of activation could readiiy be induced by
injections of SCh below 200 ug/kg, Phase III of zctivatior was not induced
in either case by doses of SCh upto 500 ug/ky. Fig. 27 shows the maximum
dynamic and position responses and the maximum jinitial Jdischarge rate of
one of the two Ia endings following injections of varivus doses of SCh,
The dynamic and position recponses are seen tc increase together, and the
marked "step" increase in position response shown by the Ia ending in
Fig. 25 becween 150 and.ZOO.ug/kg SCh is absent.

Of the three Ia endings activated by i.v. injections of SCh, therefore,
two were not activated beyond the equivalent of Puase YI of excitation by
doses of SCh upto and including 500 ug/kg, and o&e was excited through all
three phases of activation., Thus, as with i.v. infusions of SCh, i.v.
injections of SCh readily produced facilitatio: énd dynamic potentiation
of the Ig_endingé (Phases I and II of acti?ation), but produced the final

stage of excitation (Phase III) in only one of three cases. '
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RESULTS: SECTION IV

The three phases of activation of Ia endings by SCh.

The three stages in which Ia sensory endings are activated during
SCh infusion have already been described, with iespect to the activation
of a "typical" Ia sensory ending (Results, Section II). In this section,
the characteristic changes in the response of the Ia endings to stretch
during each of the three phases of activation will he further illustrated,
using as examples Ia endings activated bj i.v. and i.a. infusions of SCh.
In general, i.a. infusions of SCh were the more reliable ia inducing
Phase III of activation, as shown in the previous Gection. With i.v.
infusions of SCh, however, because the activation of the Ta endings
through Phases I and II of activation and, whers seen, Phase III of
activation took place bver a longer period of time, it was easier to
distinguish between the successive stages of excitation and to study each

in turn.

IV.l., Phase I of activation

All 40 Ia endings studied during ifv. and i.a. infusions of SCh showed
an initial phase of excitation in which the initial discharge rate of the
endings between successive stretches increased gradually, for the most part
independently of the dynamic and position responses of the endings to
stretch, ) ' <

Fig. 28 shows the behaviour of a Ia sensory ending in this initial
phase of activation during i.v. SCh infusion (100 ug/kg/min). The Ia
ending was silent between successive stretches in the control condition
(Fig. 28a), but 20 sec after the start of SCh infusion the ending began
to discharge between stretches. At first, rhe ending fired only a few

spikes just before the following ramp stretch was applied {Fig. 28b).
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Gradually the number of spikes fired by the ending between stretches
increased, and the period 6f silence in the discharge following the
release of each stretch became progressively shorter (Fig. 28c), until
the discharge of the eﬁding was silenced only during the muscle sh.rtening
itself and picked up again immediately after the release of stretch
(Fig. 28d). |
Throughout this initial phase of excitation, the dynamic and position
responses of the Ia ending remained much the same as control values,
while the iritial discharge rate increased (Fig. 28b, c, d). The effocts
of SCh on the ending first increased the initial discharge rate.to the
level of the adapted "resting" activity of about 7 imp/sec (Fig. 28b),
and then con;inued to increase the iﬁitial discharge rate further so that
about 40 sec after the start of infusion the initial discharge rate vwas
approximately 20 imp/sec, 13 imp/sec above the control "resting" activity.
The position response did not increase by a similar amount over its
control value, so that the position sensitivity of the Ia ending decreased
from 7.5 imp/sec/mm in the control condition to 6.1 imp/sec/mm (Fig. 28d).
The majority of Ia endings showed a substantial increase in their
discharge rate dufing Phase I of activation, .usually of the order of 20
to 60 imp/sec above the control initial discharge rate. It was a common
finding that during Phase I of activation the initial discharge rate of
the activated Ia ending increased to a level well above the "resting"
adapted discharge rate of the ending at the initial muscle length, in
many cases to doubie or treble the control "resting" value. Fig. 29
shows as an example a Ia ending in which the initial effects of SCh were
more marked than usual. This Ia ending had a "resting" discharge rate
of 20 imp/sec at the initial muscle length before the start of the test
stretching sequence. During the test sequence in the control condition,

the ending was silent for about 0.1 sec following the release of stretch
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(Fig. 29a), and the initial discharge rate was 13 imp/sec, Following

the start of i.a. infusion of SCh (100 ug/kg/min), the initial discharge
rate of the ending increased, and the period of silence after the

release of each stretch was abolished (Fig. 29b). The initial discharge
rate of the ending then continued to increase, and the instantaneous
frequency of discharge of the ending became much more variable (Fig. 29c).
'The dynamic and pcsition responses of the ending increased with the inifial
discharge rate, but not to the same extent, so tha* the dynamic and
position sensitivitiss of the ending decreased (Fig. 29a vs. Fig. 29c).
Thus, in this particular case the initial discharge rate of the Ia ending
during Phase 1 of activation reached a value of almost 100 imp/sec, or five
times the "resting" adapted discharge rate of the ending. Fig. 29d shows
the onset of Phase II of excitation.

In the large majority of cases, Phase<I of activaticn of the Ia
endings was soon followed by Phase II, as in the exampies given in Figs.
28 and 29. In a few cases during i.v. infusicas of SCh, however, Phase I
of activation continued for a much longer timz before the dynamic
sensitivity of the sensory.endings began to increase. One such case is
shown in Fig. 30. The i.v. infusion of SCh at 100 pg/kg/min began 76 sec
before the first stretch shown in Fig. 30 (trace 1), and the response
of the ending to this stretch is identical to coﬁtrol responses. The
behaviour of the sensory ending over the next miftute shows the gradual
development of Phase I of excitation ("I", Fig. 3C). The silence in the
discharge of the ending between successive stretches was gradually filled
out as the initial discharge rate increased (Fig. 30, traces 1 and 2).
Thié happened initially without any significant changes i? the response of
the ending to the test stretches themselves (trace 1), and the dynamic and
position response of the ending remained much the same as control values.

However, as the initial discharge rate continued to rise, the dynamic and
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position responses then increased with it (last half of trace 2, trace 3),
so that the position sensitivity of the Ia ending remained much the same
as the control value while the dynamic index decreased. In this respect,
this Ia ending differed from the more typical cases illustrated in Figs. 28
and 29, where both the dynamic index and the rosition sensitivity of the
Ia endings decreased in Phase I of excitation.

Most Ia endings did not show such a long delay tetween Phases I and
II of excitation, so that soon after the initial effects illustrated inv
Fig. 28 the endings entered Phase II of excitaticu, énd any further changes
in the initial discharge rate on its own could not be follcwed. However,
the possible counterpart of this was often seen during the recovery of
Ia endings from the effects of SCh infusion, where soon after the end of
infusion the initial discharge rate, the_dynamic response and the positiou
response of the endings decreased together (see for example Fig. 20,
Section II). Another example of this is shown in Fig. 31. The first
stretch in Fig. 31 shows the response to stretch of the Iz ending activated
through to Phase III of exéitation by i.a. infusicn of SCﬁ in the normal
way. The SCh infusion was stopped f seconds before the first stretch
illustrated. The initial discharge rate of the ending is seen to fall
from 115 imp/sec (first strétch in Fig..31) to 63 imp/sec (last stretch
in Fig. 31), and the after—effect of the release of stretch on the discharge
of the ending gradually becomes mcre marked. The dynamic and position
responses of the Ia ending also decreace with the initial Jdischarge rate
over this period, but the dynamic index remains unchanged while the absolute
frequencies of discharge decrease. The fall in the initial discharge rate
of the ending is however greater than the decrease in the position response,
and therefore the position sensitivity of the ending increases slightly,
Thus, this initial stage in the recovery of Ia endings from the effects of

SCh activation appears to be the counterpart of the first phase of excitation
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during SCh infusion, and is the reverse of the sequence of events

illustrated in Figs. 28, 29 and 30.

IV.2, Phase II of activation

The onset of Phase II of excitation of Ia endings during SCh infusion
was indicated by a progressive increase in the response of the endings to
the dynamic phase of the test stretches (D", Fig. 18; Fig. 19¢, d, e).
This increase irn ihe dynamic sensitivity of the Ia endings was accompanied
by a smaller but significant increase in the positiorn sensitivity also,
as described for a typical Ia ending in Results, Secticn II.

The degree of potenriation of the dynamic seocitivity of the Ia
endings during Phase II of activation varied from spindle to spindle. The
maximum percentage increase in the dynamic ind:x of the 37 of the total
40 Ia eniings which were successfully activated through Fhase II of
excitation by i.v. and i.a. SCh infusion, is shown in Fig, 32. Most Ia
endings experienced largc iucreases in their dynawic index, which typically
increased to values between 500 and 1200Z_of the contrcl dynamié index.

The discharge rates of the activated Ia endiugs during the dynamic
phase of stretch when the dynamic sensitivity of t‘he endings was maximal
often reached frequencies of 300 to 500 imp/se? (see for example Fig. 19).
The Ia endings were capable of maintaining these high levels of dynamic
response apparently indefinitely. For example, in many experiments i.v.
infusion of SCh were continued for several minﬁtes after the dynamic
sensitivity of the Ia endings had increased to high values, in an effort
to induce the later Phase III increase in position sensitivity. In these N
cases, the Ia endings maint;ined'their high levels of.dyﬁamic-féspoﬁsé
without showing signs of fatigue, for as long as the SCh infusion was
continued. After stopping the iﬁfusion, the dynamic response of these
endings gradually decreased to control values.
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During Phase II of activation, the Ia discharge rate immediately
following the end of the dynamic phase of stretch adapted rapidly, in
a characteristically curvilinear fashion (see for example Fig. 19d, e).
This is further illustrated for three separate Ia ‘endings in Fig. 33.

Figf 34 shows the gradual development of Phase II of excitation
during i.v. SCh infusion of the Ia sensory ending whose behaviour during
Thase I of excitation was illustrated in Fig. 28. The dynamic index of
the la ending increaces progressively after the onset of Phase II of
excitation (Fig. 34b, c), but the curvilinearity in the adaptation oi the
Ia discharge rate only becomes prominent after the dynamic response has
increased severalfold. A similar increase in the curvilinearity of the Ia
discharge rate after the end of the dynamic phase of stretch with the
increase in dynamic response is also shown in Fig. 19d, e.

The degree ard rate cf the adaptation<6f the Ia discharge freguency
following the dynamic phase of stretch determines the level of the
position response of the ending, and thus the dynamic index. The net
inrcrease in the dynamic index of each Ia sensory ending, shown in Fig, 32,
-is therefore dependent on not only the increase in the level of the dynamic
response itself, but also on the degree of adaptation of the Ia discharge
rate after the end of the dynami%c phase of stretch.

The time-course of adaptation of the Ia discharge rate at the extended
muscle length was studied quantitatively, with the aid of a small PDP-8
computer. A program was written (see Appendix I) which calculated the
mean interspike inte:val of the Ia spike train at various times after the
end of the dynamic phase of stretch, from data collected over several
successive stretches. The time-course of adaptation of the Ia discharge
after the end of the dynamic phase of stretch could then be estimated from
a plot of the mean Ia interspike‘interval against tﬁe time from the ewd of

the dynamic phase of stretch (cf. Brokensha & Westbury 1976a)., It was
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necessary, however, that the response of the Ia endings to each of the
test stretches to be studied be identical,_so that the interspike
interval data could be pooied for analysis. Sections of recording were
therefore chosen for study which on examination using the pulse-interval
meter chcwed a very similar response of the endings to several successive
stretches. Normally during Phase II of activation by SCh infusion, it
"was difficult to find such sections of recording where the response of
the Ia endings to several successive stretches remained the same (see for
example Fig. 19d, e). During the recovery of the Iz endings from the
effects of infusion, however, the response of the endings to successive
test stretches changed much more slowly, as illustrated In Fig. 20 and 21.
The analysis of interspike intervals was thereforé carried out on data
obtained from Ia endings during their recovery from excitation, when their
response to stretch was equivalent to that/during Phase II cof activation
(e.g. stretches 41 to 46, Fig. 20).

Fig. 35 shows the mean inrerspike intervals of the discharge of six
Ia sensory endings at various times after the end of the dynamic phase of
stretch, measured in this Qay. The mean interspike interval of the Ia
discharge is seen to increase curvilinearily after the end of the dynamic

.

phase of stretch, reflecting the characteristic form of adaptation of the
Ia discharge frequency shown in Figs. 33 and 34.. The rate of increase of
the mean interspike inﬁerval is seen from Fig. 35 rot tc be a simple first-
order exponential process. The approximate mean first half-time of the
increase in interspike interval after the end of thke dynamic phase of

stretch was calculated from:the data shown in Fig. 35, to be 479 msec,

range 297-580 msec.

IV.3. Phase III of activation

In 18 of the 20 Ia sensory endings studied during i.a. infusion of

-
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SCh, the position sensitivity of the endings, which increased above
control values along with the dynamic sensitivity during Phase II of
activation, then showed a further large increase while the dynamic
response of the endings remained high ("S", Fig. 18; Fig. 19f, g). A
similar effect on the position sensitivity after Phase II of activation
was also seen in 8 of the 20 Ia sensory endings studied during i.v.

SCh infusion. This later increase in position sensitivity which occurred
independently of the dynamic response of the endings was the third and
final stage in their excitation during SCh infusian;

Fig. 36 illustrates the transition from Phase II teo Phase III of
activation of three Ia sensory endings during i.a. SCh infusion. The
response of the Ia endings to stretch when Phase II of activation was
fully developed is shown in the uppermost records, and their response
to stretch in Phase III of activation is sﬁown in the lowermost records. -
The middle records illustrate the rfesponse of the endings to stretch
during the period of transition from Phase II of activatiun to Phase III.

The rapid curvilinear 'adaptation of the Ia discharge rate after the
énd of the dynamic phase o£ stretch which is characteristic of Phase II
of activation (Fig; 36, uppermost records) is seen to become very much
more linear in Phase IIL of activation (Fig. 36, lowermost records).
While in the majority of cases this adaptation of the Ia discharge became
so linear as to abolish any trace.of the Phase II curvilinear type of
adaptation, in a few cases even afte? Phase ITI of activation had become
fully developed the discharge of the endings after the dynamic phase of
stretch showed an initial component of curvilinear adaptation. One such
case is illustrated in Fig. 36(3)f Some Ia endings showed a marked
discontinuity in their discharge immediately after the dynamic phase of
stretch thch had not been present in Phase II of excitation (see for

example Fig. 36(1l) and Fig. 19).
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Fig. 36. The transition from Phase II of excitation to Phase III

of excitation for 3 separate Ia_ endings. Top records in each
column, response of the la endings to stretch in Phase II of
excitation. Bottom records in each column, response to stretch
of the la endings in Phase III of excitation. Middle records,

response of the endings to stretch during the transition from
Phase II of excitation to Phase III. Stretches in columns 1 and 3,

3 mm at 12 mm/sec; in column 2, 2 mm at 8 mm/sec.



In all cases, the rate of adaptation of the Ia discharge frequency
after the dynamic phase of streich was much slower during Phase III
of activation than during Phase TI, with the result that the position
response of the Ia endings, measured 0.5 sec after the end of the dynamic
phase of stretch, incieased markedly in Pﬁase III of excitation. Meanwhile,
the initial discharge rate of the endings increased by a much smaller
‘amount above the value reached during Phase II of activation (Fig. 36;
see also Fig., 19), so that the large Phase III iacrease in position
response reprecenteld a large increase in the position sensitivity of the
Ia endings, measured as the clange in the discharge rate caused by the
change ir muscle length,

The Phase III increase in position sensitiviﬁy of the Ia endings
occurred without significant acccmpanying changes in the dynamic response
of thte endings {see later), and comnsequently the dynamic index decreased
markedly. This decrease in dynamic index, which was the reverse of the
increasing dynamic index chwracieristic of Phase II of activation, was a
good indicator of the ornset cof Phase III of excitation.

During the transition.from Phase II of activation to Phase III, the
variability in the discharge of the Ia endings increased and appeared
as a greater dispersion of the pcints on the instantancous frequency
display (Fig. 3o, middle records). This increase in variability was more
marked in the discharge of the eudings betweern stretches and during the
static ertended phase of the test stretch, thau during the dynamic phase
of stretch. In a few cases however the respouse of the endings to the
dynamic phase of stretch alsorbecame irregular, and the dynamic response.
fell during this transition period (see for example Fig. 19). However,
instead of an increase in the variability of their discharge during the

transition from Phase II to Phase III of activation, about one Ia ending

68



"preferred" frequencies at the

in three discharged at two discrete
extended muscle length. The lower of the "preferred" frequencies of
discharge was close to the Phase II position response of the ending,
and the higher was close to the Phase III positica response, Fig. 36
(3) illustrates one such transition from Phase II *to Phase IIT of
activation. The recovery from the effects of infusion of z similar Ia
ending is shown in Fig. 39.

The chaﬁges in the response of the Ia endings to stretch during
the transition from Phase II to Phase ITI of ex.itation were reversed
during the recovery of the endings from the effects of infusion, as
shown for two different Ia sensory endings in Fig. 21 and 39. The
initial discharge rate of the activated Ia endings was the first to
fall after the SCh infusion was discontinued, as illustrated in Fig. 31
and also in Fig. 39. The dynamic and position responses of the Ia
endings remained high as the initizl discharge rate decreased. The
slow-adapting discharge of the Ia endings then gradually changed as the
position sensitivity of the.endings decreased, to return to the more
curvilinear form of adaptation characteristic of Phase II of activation,
leaving the Ia endings with a high dynamic sensitivity to stretch. The
Ia discharge at the extended phase of the tesc stretch usually showed a
large increase in variability, often more than in the transition from
Phase II to Phase III of activation duriang infusion.

The changes in the time-course of adaptation cf the Iz discharge
as the sensory endings recovered from the effects of SCh infusion were’
followed quantitatively, using the computer program already described..
f‘igf 37 shows the change in the mean interspike intervals of the dischgrge
of three Ia sensory endings at various times after the end of the dynamic

phase of stretch, as the high Phase III position sensitivity of the
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Fig. 37. Changes in the time-course of adaptation of the

discharge of 3 separate Ia endings (A,B,C) during their
recovery from Phase III of excitation to Phase II, measured
as the change in mean interspike interval with time after
the end of the dynamic phase of stretch. Vertical bars
indicate standard errors. Note gradually increasing curvi-
linear component in the adaptation during the transition
from Phase III to Phase II, and also the transient

increase in the variability of interspike intervals seen

as an increase in the standard error.



activated Ia endings decayed. In each case, the Ia discharge during
Phase III of activation followed an almost linear time-course of
adavtation after the dynamic phase of stretch. This linear adaptation
rate became progressiveiy more curvilinear, finally reaching the marked
curvilinearity characteristic of Phase II of activation (Fig. 37, upner-
most curves). The time-course of adaptation of the Ia discharge during
this period represented an admixture of the curvilinear and quasi-iinear
forms of adaptatioun, with a gradually increasing curvilinear compomnent.
During the transitici from the quasi-linear to the curvilinear form cf
adaptation, the variability in the Ia dischargé rate usually increased,
and then decreased when tha transition was complete (Fig. 37, middle
curves). The actuai ircrease in the variability of the Ia discharge
was pronounced in some cases (Fig., 37b and c), but not as marked in
others (Fig. 37a). f

During Phase III of acrivation fhe increase in the position response
of the endings tooklplace in the large majority of cases without a
significant accompanying increase in the dynamic response of the endings,
except during the fransition phase when a transient decrease in the level
of the dynamic response was seen in some cases. However, while the
dynamic response of the Ia endings at the end of the dynamic phase of
stretch in Phase II1 of activation remained much the same as in Phase II,
the Ia discharge rate during the dynamic phase of the test stretch
" increased more quickly, to reach the peak dynamic discharge frequency
sooner than duriag fhase II of activation (see for example, Fig. 19e, f,
g; Fig. 36 and Fig. 39).

Typically, the dyramic response of the Ia endings increased by 5
to 25 imp/sec as the Phase III increase in position sensitivity developed.

This increase was however never of a magnitude comparable to the increase
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in the position response of the endings. The initial discharge rate

of the Ia endings also increased as Phase III of activation developed.
Generally, in any one casc the increase in the initial discharge rate

of the ending was almost exactly the same as the increase in the dynamic
response. For exampie, in the case of the Ia ending illustrated in

Fig. 36(1), the dynamic response of the ending increased from 412 imp/sec
"in Phase II of excitation {(uppermost record) to 438 imp/sec in Phase III
(lowermost record). The initial discharge rate of the ending also
increased by a very simija: amount, from 55 imp/sec in Phase II of
excitation to 80 imp/sec in Phase III. However, the increase in the
position response of the ending, from 149 imp/sec to 267 imp/sec over the
same pericd, is of a different order of magnitude; Fig. 36(3) illustrates
another similar case, The dynamic response ahd the initial discharge rate
of thig ending increased by 2 and 7 imp/seé respectivaly as Phase III of
excitation developed, while the position response of the ending increased
by 68 imp/sec. In the case illustrated in Fig. 36(2), however, -the dynamic
response of the ending did not jincrease significantly as the position
response increased, but thé initial discharge rate rose from 36 to 63 imp/
sec in Phase III of excitation.

The possibility that the increase in the position response of the Ia
endings during Phase III of excitation occurs without an accompanying
increase in the dynamic respoﬁse, because the Ta endings cannot be made
to discharge at impulse frequencies higher thzu those reached during Phase
II of excitation ("saturation'") was tested in 11 of the 20 Ia endings
activated by i.a. SCh infusion. The ability of the maximally activated
Ia sensory enaings to discharge at higher frequencies was tested by applying
a few test stretches to the muscle at the rate of 25 mm/sec instead of the

rate of 8~12 mm/sec normally used in these experiments., Fig. 38 shows the
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by SCh was illustrated in Figs. 18-21, to a few faster
ramp stretches. The first stretch illustrated is the
response of the maximally activated ending to a normal
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the response shown in Fig. 19f. The two following ramp
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evoke a greater discharge from the ending. The higher
dynamic response of the ending to the., faster stretches
clearly shows that the afferent axon was not "saturated"”

during normal test stretching.



effect of this test on the Ia ending whose activation by SCh infusion
was illustrated in Fig. 19. The first stretch in Fig., 38 shows the
response of the fully activated Ia ending to the normal test stretch of
3mm at 12 mm/sec, as'showp in Fig. 19f. The following two stretches in
Fig. 38 were applied at 25 mm/sec, ir 2n attempt to evoke a greater
discharge from the ending. The higher dynamic response of the Ia ending
in response to the faster stretches clearly shows that the ending was
capable of discharging at higher frequencies than those reached during
Phase III of activation. Thus, the Phace III inc:eaée in the position
response of this Ia ending, which as Fig. 19 shows occurred without a
significant accompanying increase in the dynamic response of the ending,
did so even though the Ia ending could have discharged at higher impulse
frequenciesf The onset of Phase III of excitation, therefore, increased
the position sensitivity of the Ia sensoryJending, but did not significantiy
alter the response of the ending t¢ the dynamic phase of the test stretch,
Of the eleven Ia endings tested for '"saturaticn" in this way, seven
showed a clearly greater d&namic response to the faster test stretches
applied when the endings were maximally activated. The remaining four Ia
endings, however, could not be made to discharge at frequencies higher
than those reached during maximal activation by SCh. These endings were
further studied by subsequently re-activating them by i.af SCh infusion,
but at shorter initial muscle lengths and using test stretches with slower
rise-times. Fig. 39a shows‘the response of one of these fcur Ia endings
maximally re-activated in this way to the slower test stretching at 8 mm/scc.
As Fig. 39b shows, this Ia ending could now be shown not to be "saturated",
by applying a few test stretches at a higher rate of stretch (25 mm/sec).
This Ia ending was unusual in that the discharge between stretches was

strongly facilitated after the onset of Phase III of activation (Fig. 39a, b).
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Fig. 39. The recovery of a soleus muscle spindle la sensory
ending from the effects of SCh infusion. a. The response of
the maximally activated ending to stretch after 100 sec of
i.a. SCh infusion. b. A faster stretch applied to the muscle
shows that the La ending is not "saturated" (see text). c. 1
seconds after the SCh infusion ceased, the discharge cf the
ending between stretches has decreased (compare with Fig. 31)
d. As the high Phase III position response decays, the ending
discharges at two "preferred" frequencies of discharge at the
extended muscle 1length. e. The high Phase III position
sensitivity has decayed, 1leaving the la ending with a high

dynamic sensitivity.



Fig. 39c shows the response of the ending to the normal test stretches

15 sec after the end of SCh infusion, when the discharge of the ending
between stretches has decreased but the dynamic and position responses

of the ending remain high. Fig. 39d and e show the decay of the Puase

ITIT position sensitivity of the ending as the recevery from the effects

of infusion progresses. In this particular case, in place of the increase
in the variability of the Ia discharge after the end of the dynamic phase
cf stretch, the Ia ending discharged at two "preferred" freduencies (Fig. .
39d). The higker of the "preferred" discharge frequencies of discharge

of the ending is cloze to the position response of the ending with maximum
position sensitivity (Fig. 39c), while the lower of the "preferred"
discharge frgquencies is zlose to the position response of the ending
after the high Phace III position sensitivity has declined (Fig. 39e),
Eight of the 28 Ia sensory endings successfully activated to Phase III of
activation by SCh infusion behaved in a similar manner to the Iz ending
iilustrated in Fig.‘39. The remaining Ia endings showed an increase in
the variability of their discharge, as the Phase III effect on position
sensitivity was induced during infusion, and as it declined after the end
of infusion. Where one Ia ending preferred to discharge at two distinct
levels of instantanecus frequency, it did so at the onset of Phase III of
excitation during infusion, and also during the recovery from activation
as the fhase ITT incv=ase in position sensitivity declined.

In all of the four Ia endings tested for "saturation" at the shorter
initial muscle lenéths and with stretches of slower rise-times, it was
possible to show that the frequencies of discharge reached by the endings
during Phase III of activation were not the maximal discharge frequencies
attainable by the endings, as shown for example in Fig. 39. Thus, the

possibility that "saturation" of the Ia afferent axons prevents the dynamic -
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response of the Ia endings from increasing further while the position
response of the endings increases in Phase III of activation, can be
discounted for all of the eleven Ia sensory endings specifically tested
for this. Therefore it would appear that no significant algebraic
interaction betwrern the dynemic and position responses of the Ia endings
occurs at the onset of Phase I1I of excitation, except for the small
"increase in thebdynamio response and the initial discharge rate illustrated
in Fig. 36.
| Nevercheless, a sigrificant interaction betyean the dynamic and
position responses was s2en in one of the 28 Ia sensory endings successfully
activated to Phase III of activation by SCh infusion. This case is
illustrated in Fig. 40, Fig. 40a shows the respoﬁse of the Ia ending to
stretch when Phase II of cxcitation was fully developed. The two stretches
shown in Fig. 40b show the respoanse of the’ending to stretch during the
period of transition from Phase II of excitation to Ph2se III, and illustrate
the high degree of variabil ty of the discharge after the end of the dynamic
phase of stretch, The respense of the ending to stretch when Phase III of
activation had developed fﬁlly is shown in Fig. 40c. The dynamic response
of this Ia ending decreased markedly, from 388 imp/sec to Fig. 40a to 345
imp/sec in Fig. 40c, as the position response of the Ia ending increased.
Figs. 40d, e and £ show the recovery of the endiﬁg from the effects of
infusion. . The decrease in the dynamic resporce as Phase III of excitation
developed during SCh infusion, was reversed.as rhe bigh Phase III position
sensitivity.of the ending decayed. Thus, in thkis cingular case, there
appeared to be a significant interaction between the dynamic aﬁd position
responses of the Ia ending during Phase III of activation. In all other
respects, however, this exceptional Ia ending behaved like the "typical"

Ia ending Cescribed in Results, Section II.
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Fig. 40. a - d: transition from Phase II excitation (a.) to
Phase III (d) of a la ending in which a narked interaction betwee
the dynamic and position responses was observed. Note 1large
increase in variability of discharge after the dynamic phase of
stretch in b, and marked decrease in the dynamic response when

Phase III of excitation was fully developed (d).

e, f: The i.a. SCh infusion ceased after d. e and f show that
as the Phase III increase in position sensitivity decays, the
dynamic response increases (f) and the 1l£ ending returns to a

similar state as in (a). (Stretches, 3 mm at 12 mm/sec).



RESULTS: SECTION V

The excitation of soleus muscle spindle seconddry sensory erndings

by SCh.

Muscle spindle éfferent axons with conductiem Qeloritics below
60 m/sec (35-37°C) were taken to be from seccrndary seascry endings
(Methods, page 40). A total of 19 secondary senscry endings were
studied in the course of these experiments, ten dufin iatravenous
infusion of SCh and 9 during intra-arterial infusion.

Fig. 41 illustrates the behaviour of a typical secondary sensory
ending during an intravenous infusion of SCh at 1C0 1g/kz/minute. In
the control condition, the discharge rate of the secondary ending fell
to zero during the release of each test stretch (Fig. 4la), and then
recovered rapidly so that the initial discbarge rate of the ending was
the same as the adapted "resting" discharge rate, at 26 imb/sec.

Forty seconds after the start of SCh infusion, the initial discharge
rate of the secondary endipg began to rise, aﬁd the ending discharged a
few spikes during the release of stretch (Fig. 41b). As the initial
discharge rate increased, the after—effects of the release of stretch on
the discharge of the ending gradually became less marked (Fig. &4lc, d),
eventually becoming almost completely abolished (Fig. 4le). The position
response of the ending increased with the initial discharge rate so that
the position sensitivity of the ending, measﬁred 2s the change in the
discharge rate caused by the'change in the mﬁscle length, remained much
the same at about 9 imp/sec/mm (Fig. 4la vs, Fig. 4le). The dynamic
response of the ending also increased with the initial discharge rate and

the position rssponses, but by a smaller amount, so that the dynamic index

3

gradually decreased from 12 imp/sec ir Fig. 4la to 6 imp/secc in Fig. 4le.

The gradual increase in the initial discharge rate, accompanied by
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Soleus muscle spindle secondary sensory ending during I.V. infusion of suxamethonium
(100 pg/Kg/min)

ontroi

c. 94 sec

Fig. 41. Tne response of a soieus muscle spindle secondary
sensory ending to test stretches at the indicated times during
an intravenous infusion of SCh.



the progressive reduction of thé after-effects of the release of

stretch on the discharge of the ending, was reversed during the recovery

of the secondary sensory endings from excitation. This is illustrated

for a different secondary ending in Fig. 42. Fig. 42a shows the respomse

of this secondary ending to a test stretch when strongly activated oy
intra-arterial infusion of SCh. The SCh infusion was stopped just after
this test stretch was applied. Figs. 42 b—-d illustrate the response of

the ending to test siretches at the indicated times after the end of S5Ch
infusion. The initial discharge rate and the dynamic and pésition rcsponses
cf the secondary ending gradually decreased as the ending recovereq from
the effects of SCh., The after-effects of the release of stretch on the
discharge of the ending became progressively more marked, until the response
of the secondary ending to stretch returned to nmormal (Fig. 42d).

The lag times rrom the start of SCh iﬁfusion to the onset ol excitation
of the 19 secondary senscry endings studied in these experiments are shown
in Fig. 43. As witﬁ Ia endings (Figs. 8 & 9) the lag times to excitation
oi secondary sensory endingc were shorter during intra-arterial infusion of
SCh (Fig. 43a) than intravenous SCh infusion (Fig. 43b). The majority of
secondary endings were activated within 60 sec of the start of an intra-
arterial SCh infusion, and within 100 sec of the start of an intravenous
infusion. Most secondary sensory endings showed a substantial increase in
their initial discharge rate during their ‘excitation by SCh, often reaching
frequencies of discharge twice their control "resting" discharge rare
(see for example Fié. 41). However, in three of the 19 cases, the initial
discharge rate of the activated secondary endings increased by only a few
impulses/sec above the control "resting" discharge rate, after several
minutes of SCh infusion into the external jugular vein.

The activity of five of the nine secondary sensory endings studicd
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Fig. 42. The gradual recovery of a secondary sensery
ending from excitation by SCh. a shows the response of
the ending to a test stretch when strongly activated by

i.a. SCh infusion. b, ¢ and d show the response of the
ending to stretch 18, 40 and 108 seconds respectively
after the end of SCh infusion. The response cr the

ending to stretch in d is identical to control responses
before the start of SCh infusion.
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endings

Lag time (secs)

No, of *- -———=
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Lag time (secs)—p

Fig. 43, £ The lag times to the onset of excitation
of the nine secondary sensory endings studied during

intra-arterial infusion of SCh (100 yg/kg/min).

b The lag times to excitation of ten secondary endings

activated by intravenous infusion of SCh (100 yg/kg/min).



during intra-arterial SCh infusion was recorded simuvltaneously with
that of spindle Ia afferent axons, so as to allow comparison of the
time-course of activation cif the two types of sensory ending. In

Fig. 44, the time-—-course of excitation of_a secondary sensory ending

is compared with that of the Ia sensory ending whose activation is
illustrated in Fig. 18. The activity of the secondary sensory axon
‘'was recorded simultanecusly with that of the Is axor, using a duplicate
system of electrodes and amplifier. The onset of =xcitation of the
secondary sensory ending, vhich in all prcbability was located in a
different spindle than the Ia ending, occurred in this case 6 sec after
the onset of excitation of the primary ending. After the onset of
activation, the total extent of excitation of the secondary sensory

ending was much less than that of the primary ending, so that while the .

n

initial discharge rate of the Ia ending increased from 3 imp/sec to 86
imp/sec over 90 sec of SCh infusion, the initial dischsrge rate of the
secondary ending increased from 13 imp/sec to 21 imp/sec over the same
period. In addition, the large increase in the dynamic 2nd position
sensitivity of the Ia ending at "D" and in the pecsition sensitivity at

"s" (Fig. 44), which caused related increases in the initial discharge
rate, were not reflected in the discharge of the secondary sensory ending.
Instead, the dynamic index and the position sensitivity of the secondary
ending decreased significantly during SCk infusion.

Thus, secondary sensory endings,‘unlikevprima:y sensory endings, did
not experience increases in their dynamic and posiiicna sensitivities during
their activation by SCh. On the contrary, the‘dynamic index of the * -
secondary endings normally decreased during SCh infusion, while the position
sensitivity either remained much the same as control values or decreased

fractionally. The salient effect of SCh on the secondary sensory endings

-
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Fig. 44. Comparison of the time-course cf excitation
during i.a. SCh infusion of a primary sensory ending

(upper graph) with a secondary sensory ending (lower

graph) . The activity of the primary and secondary
endings was recorded simultaneously. D.R., dynamic
response; P.R., position response; I.D., initial
discharge rate. "I", "D", and "S" indicate the onset

of Phases I, II and III of excitation of the primary

ending, which is also illustrated in Figs. 18-21.



therefore consisted of a facilitation of their discharge between
successive test stretches, with a simultaneous reduction in their
sensitivity to the release of each stretch. The activation of secondary
sensory endings by SCh was in this way very similar't§ the Fhase I
excitation of Ia sensory endings. However, while Ia endings subsequently
experienced large changes in their dynamic and position seasiiiivities to
stretching in Phase II and III of excitation, secondary sensory endings

did not show similar effects with continued infusion.
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RESULTS: SECTION VI

The excitation of soleus muscle spindle "intermediate" sensorvy endings
A g

by SCh.

Muscle spindle afferent axons with conduction velocities between
60 and 80 m/ser (35-37°C) were taken to be from "intermediate" sensory
endings, which could not be clearly classified as primary or secondary
sensory endings on the basis of the conduction velocity of their afferent
exons (Matthews 1972, Ch. 4; Rack & Westbury 1966). The behaviour during
SCh infusion of fourteen such "intermediate" sensory endingé was studied
in the course of these experiments. Five of the "intermediate" sensory
endings were studied during intravenous infusion of SCh, and the remaining
nine during intra-arterial SCh infusion at 100 ug/kg/min.

The effects of SCh on the majority but not all of the "intermediate"
sensory endings closely roasembled either those on typical primary sensory
endings (Results Section IV) or those on typical secondary semsory endings
{Resulfs Section V). Thus, three of the "intermediate" endings studied
during intravenous SCh infusioh and two of the endings studied during intrq-
arterial SCh infusicn, showed only the gradual facilitation of their
discharge without potentiation of their dynamic or position sensitivities
to stretch, and therefore bchaved in a similar way to spindle secondary
sensory endings. On the other hand, two of the "intermediate" sensory
endings studied during intra-arterial SCh infusion, and the remaining three
endings studied during intravenous SCh infusion, experienced marked increases
in their dynamic and position sensitivities after an initial facilitation
of their discharge, in a similar way té the excitation of a typical Ia
sensory ending during SCh infusicn.

However, the four remaining "intermediate" sensory endings behavéd in

an apparently intermediate manner during infusion of SCh. The excitation
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of one of these "intermediate" endings during intra-arterial infusion

of SCh is illustrated in Fig, 45. In the control condition (Fig. 45a),
this "intermediate" endiny was silent for almost 0.3 sec following the
release of each test stretch, The discharge of the ending then picked
up again to reach an initial discharge rate of 6 imp/sec, a little below
the resting adapted discharge of the ending at 10 imp/sec. After the

" start of SCh infusion, the initial discharge rate of the ending began

to rise (Fig. 45b), and thc silence in the discharge caused by the
release of each stretch beczazue progressivaly sliorter (Fig. 45b, c, d).
The dynamic index and the position sensitivity of the ending gradually
decreased as the initial discharge rate was elevated (Fig. 45b-e). Thus
far, thiec "intermediate" sensory ending behaved like a tyvical secondary
sensory ending during SCh infusion (see for example Pig. 41).

Avout 120 sec from the start of the iﬁfusion of SCh, however, there
was a large increase in the initial discharge rate and tne position
response of the sensory ending (Fig. 45f, g, h). The position response
increased by a greater amount than the initial discharge rate, so that
the position sensitivity of the ending increased from 9.5 imp/sec/mm
(Fig. 45e) to 14,9 imp/sec/mm (Fig. 45h)f Tlie dynamic irdex remained at
about 9 imp/sec while this happened. No further change in the response
of this ending to stretch occurred with continued SCh infusion,

Four of the five remaining "intermediatc" seuscry endings experienced
a gradual facilitation of their discharge fellowed by a significant increase
in their position sensitivity during SCh infusicm, in a similar way to the
example illustrated in Fig. 45. The increase in position sensitivity of
each of these "intermediate" endings occurred between 80 and 120 sec from
the start of SCh infusion into the aortic bifurcation. The remaining

"intermediate" ending was also activated in a similar manner, but instead



o. Control

e. 105 sec
9- 137:
c. 50 sec
h. 188 sec
d. 76 sec
50 Hz
0.5 sec
Fig. 45. The behaviour of a "truly intermediate" sensory
ending (afferent conduction velocity, 69 m/sec) during
intra-arterial SCh infusion. Note initial stage of

excitation similar to the action of SCh on typical secondary
endings (b - e) followed by a significant increase in the
position sensitivity of the ending (£ - h).



of an increase in its position sensitivity after the initial facilitatory
effects of SCh, this ending experienced a graduval increase in its dynamic
sensitivity to stretch. The response to stretch of this “intermediate"
ending at various times during its activation by SCh infusion are
illustrated in Fig., 46, fhe initial accion of SC on this ending consisted
of a gradual facilitation of its discharge betweem stretches (Fig. 46b),
but 48 sec after the start of SCh infusion the dypamic index of the ending
began to increase (Figf 46c, d), eventually resching a maximam value 130 |
sec after the start of infusion (Fig. 46e). The position sensitivity of
Fhe ending also increased with the increase in the dynamic jindex (Fig.
46c vs,Fig. 46e).

The behaviour of these four "intermediate" semsory cndings during
SCh infusion clearly differed from that of typical primary or secondary
sensory endings, and also differed €rom the behaviour of the other "inter-
mediate" endings which were activated by SCh in a primary-like or secondarv-

"intermediate" endings

like manner (page 79)f For convenience, therefore
which behave in the manner illustrated in Fig. 45 and 46 will be termed
"truly intermediate" sensory endings, whiie tbc other intermediate endings
will be termed "primary—like" or ";econdary—like“ intermediate endings
according to their behaviour during SCh infusion.

Fig. 47 illustrates the relationship betweew the conduction velocity
of the "intermediate" afferent axons and the type of behaviour exhibited
by their sensory endings when activated by SCh. All “intermediate" endings
which behaved in a primary-like manner during SCh infusion had afferent
axon conduction velocities above 74 m/sec. Similarily, all the "intermediate"
endings which behaved in a secondary-like manner had afferent axon conduction
velocities below 71 m/sec. The conduction velocities of the afferent axons

of the four "truly intermediate" sensory endings, however, lay between 69

and 77 m/sec.
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Fig. 46. The behaviour of a different "truly-

intermediate" ending (afferent conduction velocity,

74 m/sec) during intra-arterial SCh infusion.

?en-
recorder traces.

Note initial facilitation in (b)

followed by an increase in the dynamic sensitivity

of the ending (¢, d, e).
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Fig. 47. Histogram relating the type of behaviour
shown by the 14 ’'"intermediate" endings when activated
by SCh with the conduction velocity of tbeir afferent
axons.

/// "secondary-like" intermediace ending.

\\\"primary-like" intermediate ending.

H "truly-intermediate" ending.



RESULTS: SECTION VII

The effects of SCh on the response to stretch of Golgi tendon organs

in the soleus muscle.

These experiments‘were carried out in collaboration with Dr. W.R.
Ferrell, and represent an extension of the preceding study of the eifects
of SCh on muscle spindles in the soleus muscle (Results Sections I-VI).

It had become apparent in the experiments of Ferrell (1977; Ph.D. Theéis,
University of Glasgcw, 1977) that injections of SCh given intravenously

to the whole cat had an excitatory effect on the discharge-of some of the
mechanoreceptors located in the cruciate ligaments within the knee joint,
Earlier, Burgess & Clarik (1969) had recorded an SCh-sensitive discharge
from the posterior articuiar nerve (PAN), and attributed its presence in
the joint affercent nerve to afferent axons from muscle spindles in
adjoining muscles. Howeveir, Ferrell (1977) showed that there was no
significant contamination of the PAN by afferents of muscular origin, and
found fhat the sensory endings responsible for the SCh-sensitive discharge
were instead spray-type endings in the cruciate ligaments, very similar in
structure to Golgi tendon organs. These results indicated that S5Ch in the
intact animal could have a direct excitatory action on the discharge of
some sensory endings which unlike spindle endings were not associated with
muscular structures., The object of the present experiments was therefore
to re-examine the earlier negative findings of Granit et al (1953) that
SCh did not excite.Golgi tendon organs in the cat soleus muscle, using the
same protocol of test stretching as used in the spindle experiments
(Results Section I) combined with intfa-arterial infusion of SCh at 100 ug/
kg/min,

In the ééurse of these e%periments, a total of 59 tendon organ afferent

axons were isolated in filaments of the dorsal roots of 9 cats. The degree
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Fig. 48,

The response of three different Golgi tendon organ

to muscle stretch, a and b: upper traces, instantaneous

frequency of afferent discharge; lower traces, muscle lengs=
c: upper trace, action potentials recorded from dorsal roc #
filament', lower trace, muscle length. Note different time-
scale in c. Records from one experiment; each test stretch

was applied staining at the same initial muscle length.



of passive stretch of the soleus muscle required to elicit a tonic
discharge from each of the tendon organs varied widely (Jansen & Rudjord
1964; Stuart, Goslow, Mosher & Reinking, 1970), so that while some

tendon organs exhibited a maintained discharge at'modefate static musclé
tensions (75-100 g) and responded readily to the ramp test stretches,
others did not discharge tonically even at high muscle tensions and fired
only during the dynamic extension of the muscle., The behaviour of three
typical tendon organs with different thresholds to passive stretch ic
illustrated in Fig. %8. In each case, the initial muscle tension was
adjuste& to be approximately 75 g, and a servo-controlled muscle stretcher
(see Methodc) was used to apply a series of ramp—and-hold test stretches.
Fig. 48a illustrates the benaviour of a "low-threshold" tendon organ, which
was tonically active at the set initial muscle tension and responded readily
to the ramp stretch., The tendon organ shown in Fig, 48b was of "inter-
mediate" threshold, respeonding only to the muscle stretch and remaining
silent between strétches. Figf 48c shows the response to a larger ramp
stretch of a "high-threshold" tendon organ, which responded only to the
dynamic phase of stretch and could not be made to discharge tonically even
when the initial muscle tension was increased to 500 g.

In these experiments, the initial muscle tension was always set at the
start to a moderate value (75-100 g), and our observations have concentrated
mainly on the effects o SCh on the discharge of "low-threshold" tendon
organs which were th2n tonically active. A detailed statistical analysis
of the tension thrésholds of different tendon organs similar to that carried
out by Stuart et al (1970) was however felt to be outside the scope of this
investigation. Of the total of 59 tendon organ afferent axons isolated in
the course of these experiments, therefore, the effects of SCh were studied

only in 21 cases. Fourteen of these cases were "low-threshold" tendoa organs
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which discharged tonically at the set initial muscle lengths. The
remaining seven tendon organs were of the "inter@ediate" type (Fig. 48b),
which responded only to muscle extension.

Fig. 49 shows the changes in the dynamic and position responses and
the initial discharge rate of a typical "low-*hrechold" tendon organ
during and after intra-arterial SCh infusion, in a similar way to the
behaviour of a primary ending illustrated in Fig,19. Ae Fig. 49 shows,
the initial discharge rate and the dynamic and position r2svonses to
stretch of the tendon organ began to increase withiﬁ cne winute of the
start of SCh infusion, and continued to rise as the infusicn progressed.
The dynamic index remained at about 3 imp/sec while this happened, and
the position sensitivity of the ending also did not change significantly.
The facilitation of the discharge of thke tendon organ was acccmpanied by
a gradual reduction of the effects cf the felease of stretch on the
discharge of the ending, in a similar way to the effects of SCh on secondary
endings (Results Section V) and on primary endings during Phase I of
excitation (Results Sectioﬁ IV.1). However, the actual incrcase in the
réte of discharge of the tendon organ over a five-minute period of SCh
infusion was much smaller than the increase observed in the discharge rates
of typical primary and secondary sensory endings during shorter periods of
SCh infusion. Unlike spindle sensory endings, the discharge rate of the
tendon organ continued to increase after the infusion of SCh ceased, and
reached a maximum about ten minutes aiter theé end of infusion. This was
followed by a very prolonged recovery as the discharge ratc of the ending
gradually fell, to reach control values nearly two hours after the end of
SCh infusion.

Infusion of SCh was found to facilitate the response to stretch of all

of the fourteen "low-threshold" tendon organs studied in these experiments,
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Fig. 49. Changes in the dynamic response (*')
position response (O ) and initial discharge rate
(A ) of a typical 1low-threshold Golgi

tendon organ

during and after a 5-minute intra-arterial infusion

of SCh. Ramp test stretches, 4 mm at 16 mm/sec.



in the manner illustrated in Figs? 49 and 50? The actual extent to

which the discharge rates of the tendon organs increased above control
values during their activation by SCh however varied from only a few
impulses/sec in some cases to a doubling of the initial discharge rate

value in others, Generally, the extent of activation of the tendou

organs by SCh appear=d to depend on their thresholds to passive stretch,

so that tendon organs which were tonically active at low muscle tensions

snd which readiiy responded to ramp stretches were most affected by SCh,
while others which had higher thresholds to passive stretch were less
affected by SCh, This is illustrated for three tendon organs in Fig, 50,
The two tendon organs shown in Figf 50a and 50b (upper records) werc both

of "low threshcld" type aad discharged tonically at the set initial muscle
tension, but one had a lower threshold to passive stretch than the other,
and discharged at a higher rate at the initial muscle length (Figs. 50a vs.
50b), The third tendon organ illustrated in Figf 50c was of "intermediate"
thfeshbld, and discﬁarged orly in response to the test stretches, ThLe lower
records in Fig, 50 show the maximal effects of a 3 minute infusion of SCh
on each of the terndon organs. It can be seen that the effects of SCk on tha
tendon organ with the lowest threshold (Fige -50a) were significantly greater
than those on the tendon organ with the higher threshold (Fig. 50b), while
the "intermediate" type tendon organ (Fig, 50c) appeared not to be affected
at all by tke infusiva of 5Ch, Of the seven "intermediate" type fendon
organs studied in tha course of these experiments, only one showed a detectable
degree of actintioﬁ following SCh administration, The response tc stretch
of the other six "intermediate" type tendon organs remained unchanged during
periods of SCh iﬁfusion of two to six minutes, and in this they differed
significantly from "low-threshold" tendon organs whose activity was recorded

simultaneously,
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Fig. 50. The effects of a 3-minute infusion of SCh on the response

to stretch of three separate Golgi tendon organs (a, b, £). Upper
records, control responses; lower records, responses of the ter.don
organs to stretch after SCh. Records are from different experiments,

but the initial muscle tension in each experiment was set at
approximately 75 g. Ramp test stretches: in <@, 3 mm at 8 mm/sec;
in b and ¢, 3 nm at 12 mm/sec.



Fig. 51 compares the maximal effects of a 3 mirute infusion of
SCh on the discharge of a low-threshold tendon organ (Fig. 5lc) with the
maximal effects on a spindle primary ending (Fig. 5la) and a secondary
ending (Fig, 51b), and illustrates the relatively small facilitatory
effects of SCh an the response ¢f the tendon orgén to stretch, The
" maximum activation of the cpindle sensory endings occurred during the
" period of SCh infusion, but the peak excitation of the tendon organ
occurred about 10 minutes after the end of the SCL, infusion, Unfortunately,
the primary sensory ending whose activity was monitored in this experiment
did not develop a typical Phase 1III type increase in its position
sensitivity (see Results Seci:ion IV,3),

These results clearly show that SCh given to the whole animal does
excite Golgi tendon organs which have low thresholds to passive muscle
stretch (cf, Grauit et al 1953), in a simiiar way to tle effects of SCh
on some mechanoreceptors in the cat knee joint (Ferrell 1977; Ph.Df Thesis).
The gradual facilitatory effects of SCh on thes discharge of these sensory
endings which are not associated with muscle structuzes are probably due to
a direct action of SCh on the afferent nerve terminals (see Discussion), and
similar direct effects of SCh on muscle spindle senscry endings may also

occur (cf, Fehr 1965).
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Fig. 51. Comparison of the effects of a 3-minute SCh infusion
on the response to stretch of a suindie primary ending, a spindle
secondary ending and a "low threshold" Golgi tendon organ.

Records obtained simultaneously in the same animal. In each case:
upper record, control response co stretch; middle record, response
of activated endings to stretch; lower record, muscle length.

Note different vertical scale for tendon organ.



DISCUSSION



The present study of the action of SCh on the discharge of muscle
spindles in the cat employed a new comﬁination of the experimental
approaches used by earlier workers. Thus, while Brinling & Smith (1960)
studied the effects of intravenous infusions of SCh on the discharge of
gastrocnemius muscle spindle sensory endings, they did so only at fixed
muscle lengths., On the other hand, Rack and Westbury (1966) described
the effects of SCh on the response of spiﬁdle seénsory endings to dynamic
stretching of tie wuscle, but concentrated their observations on the
effects prevalent at various times at least 30-60 sec after single btclus
injections of SCh were given intravenously., The experimental approach
employed in the present work, which combined repetitive test stretching
of the soleus nmuscle with continuous -infusion of SCh, enabled the gradual
development of the effects of SCh on the discharge of the spindle seusory
endings to be studied in detail. ]

The three parameters chosen fof the purpose of the analysic of the
eifects of SCh on éhe spindle sensory endings, namely the initial discharge
rate, the dynamic response and the position response (Results, page 47 )
allow changes in tnree aspects of the response of the endings tc stretch
to be studied during SCh irnfusion. The difference between the dynamic
response and the position response of a sensory ending at a given time is
the same as the conventional measure of the dynamic sensitivity, the dynauwic
index (Crowe & Matthews 1984a, b). Similarly, the difference between the
position respons2 ard the adapted discharge rate at a given time is a
measure of the chaﬁg: in the discharge rate of the ending caused by the
change in muscle length, in effect a measure of the position semsitivity of
the sensory ending (seé Matthews (1972) Ch. 4). The third aspect of the
behaviour of the sensory endings which is of interest is reflected in the

initial discharge rate itself, and is a direct result of the repetitive
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test stretching technique employed in the present study. The discharge
of the sensory ending after the release of each test stretch (Fig. 15)
reflects the gradual recovery of the sensory nerve terminals from the
hyperpolarication caused by the muscle shortening during the release of
stretch (Hunt & Otteson 1975; Results page 45). The initial discharge
rate of é sensory ending during a sequence of test stretches, therefore

" is determined by the degree of recovery from the hyperpolarisation of

the sensory nerve terminals that takes place vetween successive test
stretchesf During & sequence of test stretches of constant amplitude and
duration applied at set intervals, the initial Jischarpe rate attained by
a sensory ending between successive stretches depends directly on the rate
at which the ending is capable of recovering froﬁ the hyperpolarising
gfter—effeéts of each release of stretch. The initial discharge rate i;
thus a convenient indirect measure of the electrical srate of the sensory
nerve terminals, before each test stretch is applied.

Under the experimental cornditions of the present study, the excitation
of spindle primary senscry endings during SCh infusicn occurred in three
consecutive stapes, as described ir Results Sections II-IV. Marked changes
in the dynamic and position responses of the Iz endings were only seen in
Phases II and III of excitation. In Phase II of excitation, the sensitivity
of the"IQ endings to the dynamic phase of the test stretch increased
dramatically, accompanied by a smaller increase iz position sensitivity, as
described in Results Section II and 1v.2. Phese TIT of excitation in the
present experiments was characterised by a large increase in the position
sensitivity of the Ia endings, while the dynamic response of the endings
remained high, as described in Results Sections II and IV.3. The increase
in the dynamic sensitivity of the Ia endings in Phase II of excitation was

very similar to the behaviour of the Ia endings following intravenous
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injections of SCh as described by Rack & Westbury (1966). In Phase II

of excitation, the response to a ramp stretch of the Ia endings was very
similar to that of Ia endings under strong simuléaneous dvnamic and static
fusimotor stimulation (Crowe & Matthews 19€4a; se2 for example Emonet-—
Denand et al 1977, Figs. 6, 7, 8). Rack & Westbury (1966} in their
experiments occasionally observed a similar "early respunse to a large
dose (of SCh).s....quite similar to the effect of combined stimulation of
powerful static and dynamic fusimotor fibres" (their page 704%4). This
combined static and dynamic pattern of response of the Ia endings then
changed usually within one minute of thke injection of SCh, to give way

to the markedly dynamic behaviour upon which Rack & Westbury concentrated
their attention. Because in their expecriments this Phase III-like effect
was seen only occasionally after intravcnous injection of SCh, Rack &
Westbury suggested that it was caused by a Eransient contracfion of some
of the intrafusal muscle fibres, in a similar way to the fasciculation of
the extrafusal muscle fibres before the onset of paralysi:.f The main
effect of SCh on the muscle.spindles, they felt, was to produce a sustained
contraction of the intrafusal muscle fibres which mediate the dynamic fusi-
motor activity on the Ia sensory endings.

In the three preliminary experiments of the present study where Ia
endings were tested following intravenous injections of SCh (Results
Section IIT), two Ia endings experienced only the large increzse in the
dynamic index characteristic of Phase II of excitation, in a similar way
to the effects observed by Rack & Westbury (1966). Only ore Iz ending
showed a Phase III-like increase in position sensitivity., Intravenous
infusions of SCh were successful in inducing the Phase III increase in
poéition sensitivity in only 8 out of 20 cases (Fig. 23). However, intra-

arterial infusions of SCh induced Phase III of excitation in 18 out of 20
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cases (Fig. 22), presumably because of a more efficient delivery of
the drug to the muscle spindles. Once induced, the Phase III effects
on the position sensitivity of the Ia endings persisted for as long
as the infusion of SCh was continued, and only declined after the
infusion ceased (Figs. 18 and 20).

It is thus unlikely that this later increase in the position
sensitivity of the Ia endings is caused by the transient occasional
contraction of some of the intrafusal muscle fibres as suggested by
Rack & Westbury (1965). On the contrary, the Phase III potentiation of
the position sensitivity of Ia endings appears to be a further stage in
their activation by SCh, which has a significantly higher threshold to
SCh than the dvnamic potentiation characteristic of Phase II of excitation.,
Thus, whilst the Phase II dynamic effects on the Ia endings can be r=zadily
induced by intravenous administration of SCh to the whole animai {Results
Section III; Rack & Westbury 1966),.the characteristic Phase III effects
are seen only in apbroximately 1 out of three cases under those conditions,
presumably 6n1y in thosc spindles which are as a whole more sensitive to
intravascular SCh (Rack & Westbury 1966)7 However, by infusing 3Chk into
the aortic bifurcation and thus restricting its delivery mainly to the
appropriate leg, the Phase III effects on the position sensitivity of Ia
endings can regulariiy be induced in the majority of cases (Results
Section III).

The characteristic changes in the dynamic and position sensitivities
of Ia endings in Pﬁases IT and III of excitation during SCh infusion are
entirely as would be expected from the work of Gladden (1976) on the
sensitivity of the intrafusal muscle fibres of isolated muscle spindles
to ACh, These experiments showed that the two nuclear bag fibres, and rot

the nuclear chain fibres, were made to contract by ACh, and further that
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the dynamic nuclear bag fibre (DNB) was more sensitive to topically
applied ACh than the static nuclear bag fibre {SNB; see page 29).
Subsequent experiments (Boyd & Gladden, Personal Commurication) have
demonstrated that the DNB also has a lower threshoid to topically applied
SCh than the SNB, and have confirmed tie original observatico of Boyd that
the nuclear chain fibres are not made to contract by SCh.
| The large changes in the dynamic and position sensitivities of the Ia
endings duriﬁg Phase II and III of excitation are presumably caused by
the recruitment by SCh of the dynamic znd static auclear pag fibres
respectively? Thus, the strong similarity between the effects of dynamic
fusimotor stimulation and the Phase II dynamic effects of SCh on Ia endings
(Results Section IVfZ; Rack & Westbury 1966) is no doubt caused by the
activation of the DNB, which has the lcwer thresheld tec SCh in vitro
(Gladden 1976) and which is made to contract by dynamic fusimotor axons
(Boyd, Gladden, McWilliam & Ward 1377), when the concentration of SCh at
the muscle spindle rises to a level above its threshold. The subsequent
Phase III increase in the bosition sensitivity of Ia éndings is presumably
caused by the contraction qf the SN2, which has the higher threshold of the
two nuclear bag fibres in vitro (Gladden 1976), when the concentration of
SCh at the spindle is sufficiently high. The characteristic form of the
response to stretch of Ia endings in Phase Iil of excitation, which is very
similar to the effects of combined stimulation of strong dynanic and static
fusimotor axons (see for example Crowe & Matthews 1964a), is thus the resul*
of the simultaneous contraction of thz DNB and the SNB, after the concen-
tration of SCh at the muscle spindle has exceeded the threshold of the SNB.
After the end of SCh infusion, the Phase III effects on the position
sensitivity of the Ia endings decay first, leaving the endings with a

high dynamic sensitivity to stretch (Figs. 21 and 39). This is no doubt
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caused by the relaxation of the higher-threshold SNB, as the concentration
of SCh at the muscle spindle falls. The Ia endings revert to a situation
similar to that in Phase II of excitation, when the DNB is the only intra-
fusal muscle fibre iw contraction. The remaining high dynamic sensitivity
of the Ia endings then gradually decays, when the DNB also relaxes as the
levels of SCh at the spindle continue to fall.

The evidence for the recruitment of the dynamic and static nuclear
tag fibres by SCh infusion in the present experimemts is admittedly indirect,
and relies on the interpretation of cﬁanges in the dynamic and posit:en
sensitivities of tie Ia endings rather than the observation of the actual
contraction of the intrafusal fibres themselves, Alternative explanations
of the behavipu: of Ia endings in Phases II and IXI of excitation are,
however, difficult to envisage. This is so precisely because it is che
dynamic sensitivity of the sensory endingswfhat change, in a chsaracteristic
sequence., The only alternacive means of increasimg the dynamic =2nd position
sensitivities of thé Ia endings in a similar manmer is via the stimulation
of dynamic and static fusimotor axons, which themselves are known to produce
contractions in the intrafusal muscle fibres (Boyd 1976b; Bessou & Fages
1975).

The behaviour of Ia endings in Phase I of excitation during SCh
infusion, however, appears not to be related to the contraction of the two
nuclear bag fibres., Phase I of excitation in the present study was
characterised by a gradual increase in the discharge of the Ia endings
between successiva fest stretches, which occurred without potentiation of,
and usually a decrease in, the dynamic and position sensitivities of the
sensory endings (Results Sections II, IV,1). As observed earlier (page 45),
the discharge of the sensory endings between successive test stretches

reflects the gradual recovery of the endings from the hyperpolarisation
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caused by the release of each stretch. The action of SCh on the Ia

"endings in Phase L of excitation thus appears to greatly facilitate the
process of their recovery from the hyperpolarising effects of muscle
shortening. This is seen most clearly in those Ia endings which were
silenced Ior som: tiwme aftcr the release of each test stretch, as for
example in the case illustrated in Fig. 28. In th2 control condition,

‘this Ia ending was not abie to recover sufficiently from the after-effects
of each release of stretch to be able to discharge at all between successive
stretches (Fig. 28a)- As Fhase I of excitation developed, however, the
silent period following the release of each stretch gradually shortened,

and the initial discharge rate of the Ia ending increased, until eventually
the discharge of the ending picked up again immediately atter the release

of stretch (Fig. 28d). The hyperpolarising uzfter—effects of the release of
stretch on the discharge of the ending weré’thus almost completely abolished
by SCh in Phase I of excitation.

The initial discharge rate of Ia endings in Phase I of excitation
normally increased to values higher than the *resting” adzpted discharge
rate cf the endings at the initial muscle length (see for example Fig. 29).
Thus; the action of SCh on the Ia ending in Phase I of excitation not only
counteracts the hyperpolarisation caused by the release «f stretch which
initially prevents the Ia discharge from recovering fully between stretches
(Figs. 15 and 16), but also facilitates the discharge of the Ia endings
to such a degree as to allow the initial dischuvge rate to increase to
values above the control "resiing" level.

Since the contraction of either the dynamic or the Static.nuélear bag 3f
fibres of the muscle spindles would increase the dynamic or position
sensitivity of the Ia endings, as happens during fusimotor activation, the

fact that the Phase I effects of SCh take place without such changes in the
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response of the Ia endings to stretch indicates that the facilitation
of the Ia discharge in Phase I of activation is independcnt of the later
contraction of the two nuclear bag fibres. Instead, the gradual
abolishment of the effects of hyperpoiarisation on the discharge of the
endings, and the simultaneous increasc in the initial diScha;ge rate to
values above the control "resting" level, must be the rasult of a
progressive depolarisation of the afferent nerve terminals by SCh, either
directly or ihdirectly. In an analogouz manner, the after-cffects of the
release of stretch on the discharge of the Ia cnding-bncoma less marked
when the initial muscle length is increased (Fig. 15), no doubt because
of a greater initial depolarisation of the sensory nerve terminals at the
longer muscle lengths (cf. Hunt & Ottoson 1975).

The facilitation of the discharge nf low-threchold Golgi tendon
organs during SCh infusion (Results SectionVV), which was §imilar in effect
to the Phase I action of SCh on thc discharge of Ia endings, is probably
also caused by a similar depolarising effect of SCh on thz Ib sensory nerve
terminals. ﬁxcitation of the Golgi tendon organs by an increase in muscle
tension can be excluded as an alternative explanation, since SCh rapidly
induces paralysis of the extrafusal muscle fibres. However, the effects
of SCh on the discharge of tendon organs were much less marked than those
on the discharge of muscle spindle Ia endings in Phase I of excitation, and
in general also had longer lag times to excitation from the start of SCh
infusion. The low sensitivity of most tendon organs to SCh, and the
comparatively small overall effects of SCh on their discharge which might
not be readily apparent without the aid of a pulse—interval meter, may
account for the earlier negative findings oI Granit et al (1953).

The prolonged time-course of activation of tendor organs during and

after SCh infusion, which differed significantly from the faster time-course
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of activation and recovery of muscle spindle sensory endings, may

suggest that the concentratiéns of SCh at the sensory terminals of

the Ib axon equilibriate with the plasma levels of SCh at a much slower
rate than in the muscle spindles, perhaps because of differences ia the
local blood supply, the permeability of the connective tissue capsules
around the sensory nerve terminals, and the amount of pseudo-cholinesterase
associated with the sensory nerve terminals.

The facilitatory effects of SCh on the discharge of Goigi tendon
organs and on the response of muscle spindle Ia seﬁsory endings to
astretching in Phase J of excitation may be the result of a direct depolarising
action of SCh on the sensory nerve terminals themselves, as first suggested
for Ia endings by Granit et al (1953). ACh given intra-arterially appears
to depolarise directly the sensory nerve terminals of cutaneous Groun A, B,
and C axons (Douglas & Gray 1953; Douglas”& Ritchie 1960). It is thus
possible that SCh also arts directly on other afferent nerve terminals in
a similar way. Kid& & Kucera (1969) have shown that SCh does act directly
on the sensory nerve terminals of Group III afferent axons in the rat, but
only in high conceutrationsf Ferrell (1977; Ph.D. Thesis) found that some
of the knee joint receptors of the cat were excited by intravenous injections
of SCh, which suggests thai the direct action of SCh on the muscle spindle
and tendon organ afferent nerve terminals also extends to these sensory
endingsf Nevertheless, iu the only direct study of its kind so far,
Ottoson (1961) srowed that ACh, SCh and other cholinesters do not have such
a depolarising 2ction in vitro on frog muscle spindle sensory endirgs
&hose intrafusal muscle fibres have been destroyed.

An alternative, and perhaps more attractive, possibility is that the
facilitatory action of SCh on the discharge of Ia and tendon organ sensory

endings is an indirect result of the depolarising blocking action of SCh
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on the extrafusal motor end-plates. In the presence of SCh, significant
amounts of intraccllular K' are released from the extrafusal muscle fibres
into the interstitial spaces (Paton 1956). 'Injection or infusion of low
doses of SCh into an isolated perfused gastrocnemiuas muscle causes a large
increase in the ®' ccacentration of the pérfusate (Paton 1956). Klupp &
Kraupp (1954; see Paton 195€) have shown that in dogs, an intravenous
"injection of 200 ug 3Ch/kz is sufficient to raise the K+ levels of the
plasma by 307.

As pcinted out by Smith (1966), it is pcssible that '"the magnitude
of the potassium release afcer SCh might alone te sufficient to induce
an appreciable change in spindle receptor function™ (his page 229).

Excess potassium in the Krebs' solution bathiug aﬁ isolated cat tenuissimus
muscle spindle produces a marked increase ir the afferent discharge .
frequancy.(Lippold, Nicholls & Redfearn, 1960b). ¥idd & Vaillant (1974)
have skown that increasing the K+ concentration in the scviution bathing an
isolated rat muscle spindle has a series of effects on the response to
stretch of the primary sensory ending, which range th+vough "facilitation §f
the eifects of stretching,vfrank excitation summating wich stretching, a
preclusion of stretch evoked discharge, to ccmplete inexcitability" with
increasing K+ concentrationf The facilitation of the response of the
spindle sensory endings to stretch was seen wnen the K+ conéentration was
increased irom the noxmal 5 meq/i to 8 meq/l, and the suvmmation effects

at 10 mea/l.

An additional, and possibly more potent, source of K+ in the muscle
spindle may be the nuclear ch;in fibres, which experimental.eﬁidence to
date shows are also paralysed by ACh and SCh (Gladden 1976; Boyd & Gladéen,
Pérsonal Cormunication; Smith 1966). ASSuming>that the blockade of the

gamma motor terminals on the nuclear chain fibres is also a depolarising
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one similar to the extrafusal blockade, then K+ must also be released

from the nuclear chain fibres directly into the muscle spindle capsule.

The fact that the in vittg effects of high concentrations of K+,

consisting of a prezlusion of ihe stretch evoked discharge and the

completc¢ inexcitability of 1a endings (Kiad & Vaillant 1974) were not

seen in the present experiments, indicates that the intramuscular
- concentrations of K+ were never sufficient to reach the required
concentrations. Previous workzrs, however, have recorded abnormal responses
to stretck from spindle Ta endings following large doses of SCh, or observed
inexcitability of the sensory endings after large injections of SCh (Rack &
Westbury 1966)f

| Thus, the behaviour of muscle spindle Ia senéory endings during

Phases I, IT and I1I of excitation in the present experiments can be

related o the sequence of intrafusal events that take place as the
concentration of SCh at the spindle gradually rises. Tha initial Phase I
facilitatory effects of SCh on the discharge of the Ia endings occur

without petentiation of the dyramic or positisn sensitivities of the

endings tc stret:zhing, and.probably reflect a gradual electrical depolaris—~
ation of the afferent nerve terminals by SCh, either directly or indirectly.
With continued infusion, the concentration of SCh rises to a level above

that required to induce the contraction of the Dﬁﬁ fibre, which has a

lower threshold to SGh than the SNB. The Ia endings enter Phase II of’
excitaticn when the DNB contracts, and their raspense to stretch is then
very similar to that of Ia endings under strong dynemic fusimotor activation.
As the SCh infusion is continued, the concentration of SCh at the muscle.
spindle continues to rise until the threshold of the SNB is also exceeded,
when the Ia endings enter Phase III of excitation. The response of Ia

endings to stretch in Phase III of excitation is very similar to that of
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Ia endings under strong combined dynamic and static fusimotor activation,
and is no doubt the result of the simultaneous contracticn of the DNB
and the SNB fibres. The excitation of muscle spindle Ia sensory endings
by SCh thus appears to be the result of a combination of an electrical
effect of the drug on the sensory nerve terminals, and a fur;her action
on the dynamic and static nuclear bag fibres, in a manner similar to
that originally suggested by Granit et al (1953).

In contrést, the effects of SCh on soleus muscle spindle secondary
sensory endings with afferent axon conduction velecities below 60 m/sec
were limited tova gradual facilitation of the discharge of the endings,
similar to the Phase I effects of SCh ca the Ia endings azd to the effects
of SCh on the discharge of low~threstold tendon organs (Results Sectiom V).
" While spindle Ia endings subsequently ewperienced marked changes in their
dynamic and position sensitivities to stretch as a result of the recruitment
of the two nuclear bag fibres by S5Ch, secondary sensory endings did not shdﬁ
similar effects (Fig. 44), and their rates of discharge r2maianed much lower
than those of activated 13 endings, as reported by Fehir (1965). The findirg
of Rack & Westbury (1966) that following SCh injections the "semsitivity
of the secondary afferent to static and dynamic stretching increased togetter,
and the general shape of the record remained unchanged", agrees well with
the results of the present study.

Presumably, the gradual facilitatory action of SCh on the discharge
of secondary sensory endings is also caused by a progressive depolarisation
of the afferent nerve terminals either directly or indirectly by SCh, in a
similar way to the facilitatory effects of SCh on the discharge of Ia
endings and Golgi tendon organs. The excitation of muscle spindle secondary
sensory endings by SCh therefore appears to be entirely the result of a

gradual electrical depolarisation of the sensory endings, with no apparent
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contribution from the contraction of the nuclear bag fibres.

Histological studies of muscle spindle structure have shown that
spindle "secondary" sensory endirgs, classifiéd as such on the basis
of their afferent axon diameters and the location of their sensory
nerve terminals on eicher side of the pri@ary sensory spirals (Boyd
1962), lie mainly on the nuclear chain bundle but way also have collateral
‘terminations on the nuclear bag fibres. However, the fact that in the
present study all the sensory e¢ndings with afferent axons of conduction
velocity Lelow 60 m/sec were apparently uraffected by the SCh-induced
contraction of the nuclear bag fibres, indicates either that none of these
secondary sensory endings had collateral sensory terminals on the nuclear
bag fibres, or that if present, such terminals di& not contribute
significantly to the generation of the secondary afferent discharge.

Rack & Westbury (1966) were able to cgaracterise all spindle sensory
endings with afferent conduction velocities between 60 an& 80 m/sec
("intermediate" sensory endags) as either primary-like or secondary-like,
according to the effects of SCh on their dynamic sensitivity to stretching.
In the present study, the ﬁajority of "intermediate" sensory endings did
fall into two groups in a similar way, but some sensory endings were
encountered which behaved in a significantly different manner (Results
Section VI; Fig. 47). The differences in the effects of SCh on the
primary-like, the secondary-like and the remzining "truly intermediate"
senscry endings, must reflect differences in th2 intrafusal distribution
of the sensory nerve terminals of the afferenc axcas. Thus, "intermediate"
sensory endings which behave in a secondary-like manner and are unaffected
by the SCh induced contraction of the two nuclear bag fibres, presumably
innervate the nuclear c¢hain fibres alone, and have no functional input from

the nuclear bag fibres. Similarly, "intermediate" sensory endings which

»
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behave in a primary-like manner probably innervate all three types of
intrafusal fibre, like a typical primary afferent axon.

However, the behaviour of the "truly intermediate” rensory endings
in the presence of SCh in@icates that these endings have a functional
input from one, but not both, of the nuclear *rag f£ibres. The change
in the sensitivity of the endings to stretching fellowing the initial
facilitatory effects of SCh (Figs. 45 and 46) is piesunably the result
of the contréction of this nuclear bag fibre. Such sens~ory endings
therefore appear to correspond to those "seconda:ﬁ"‘senﬂory endings
observed histologically which lie on the nuclear chain fibk:es but also
have collateral terminals on the nuclear bag fibres (Boyd 1962; see
also Banks et al 1976). The fact that in four of the five such "truly
intermediate" sensory .endings the position sensitiwity, and nct the
dynamic sensitivity, increased after che iﬁitial facilitatory action of
SCh (Figf 45), suggests that these "intermediate' endings had collateral
terminals innervating the SNB rather than the DNB. The [ifth "truly
intermediate'" sensory endiﬁg experienced an increzse in its dygamic
sensitivity to stretch (Fig. 46), in a similar way to the Phase II effects
of SCh on Ia endings. This suggests that the coliateral terminals of this
"truly intermediate" afferent axon innervated the DNB, which is the auclear
bag fibre activated in Phase II of excitation of Ta endings by SCh.

In summary, the results of the present study indicate that typical
secondary sensory endings, with affereut axon comduction velocities below
60 m/sec, appear not to receive a functional input from the nuclear bag
fibfes and thus probably lie only on the nuclear chain fibres of the
muscle spindle. In addition, all the afferent axons with conduction
velocities in the intermediate rangé but below 65 m/sec (Fig. 47) were

from spindle sensory endings which were apparently unaffected by the
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recruitment of the nuclear bag fibres by SCh, and which therefore

behaved like typical secondary sensory endings. This finding agrees

well with that of Rack & Westbury (1966), who also found that all the
"intermediate" conduction velocity afferents studied in their experiments
which behaved in a secondary-like manner in the presence of SCh had
conduction velocities below 65 m/sec. However, while Rack & Westbury
were able to classify all the intermediate afferents in their experiments
as either primary-lile or secondary-like when activated by SCh, in the
present study a siguificant minority of "intermediate" sensory endings
clearly did not fall into either category (Fig. 47). From their behaviour
during SCh infusion, these endings appear to have a functional input from
one but not both of the nuclear bag fibres, and thus probably represent a
"truly intermecdiate" form of spindle sensory ending.

As a means of studying the internal w&rking of the mammalizn muscle
spindle, the reproducible activation of the dynamic and static nuclear bag
fibres of soleus muscle spindles by SCh administration to the intact
animal (cf. Gladden 1976), provides a useful experimental alternative to
the activation of the intrafusal muscle fibres by stimulation of dynamic
and static fusimotor axons in the conventional manner. The true intrafusal
destinations of fusimotor axons isolated in the ventral spinal roots are
normally unknown, and can only be determined either by direct observation
of the relevant nuscie spiudie (Boyd 1976b; Boyd et al 1977) cr by means
of complex glycogen-lepletion studies (Barker et al 1973). Thus, thnough
the majority of fusimotor axons may be clearly classified as "dynamic" or
"static" in their action (cf. Emonet-Denand et al 1977), the nature of the
intrafusal muscle fibres they activate may be uncertain, particularly for
static fusimotor axons as outlined in the Literature Review. This

uncertainty limits to some degree the use of combined dynamic and static
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fusimotor activation as a means of studying the contribution from each
of the individual sensory spirals of the Ia sensory ending to the Ia
afferent discharge (cf. Lennerstrand 1968; Hulliger et a! 1977a, b, c).

In contrast, the'selegtive activation of the static and dynamic
nuclear bag fibres of the soleus muscle spindl~s Ly SCh, enables the
role of the two nuclear bag fibres in the generation of the la discharge
to be examined. The effects of the contraction of the two nuclear bag
fibres on the afferent discharge of primary, secondary and "intermediate"
sensory endings has been discussed above. The remniﬁing discussion will
be concerned with a detailed examination of the changes in *he response
to stretch of Ia endings after the contraction first of thie DNB, and then
of the SNB, during intra-arterial infusions of 3Ch.

The contraction of the DNB in Phasc II of excitation causes a dramatic
increase in the response of the Ia endings Eo the dynamic phase of stretch,
which is seen as a large increase ia the dynamic index (Results, Sections
IT and IV.2). However, it is apparent from the caszs illistrated in Figs,
33, 34 and 35, and from the-analysis of interspike-interval data (Figs. 35,
37), that the degree and rate of the adsptation of the Ia discharge that
occurs after the end of the dynamic.phase of stretch varies from spindle
to spindle, being rapid and regular in some cases (Fig. 34), or slower and
less regular in others (Fig. 33c). The analysis of interspike intervals
during this adaptation shows that while the Ii discharge frequency decayed
with a mean approximate half-time of 479 msec (n=6), the individual
observed values ranged from 297 to 58C msec (Results Section IV.2). As a
result of the different rates of adaptation of the Ia discharge in different
spindles, the maximum percentage change in the dynamic index of the Ia
endings caused by the contraction of the DNB can also vary considerably

from spindle to spindle, as shown in Fig. 32.
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Presumably, this difference in the adaptation rates of Ia
endings in Phase II of excitatisn reflects differences in the rate
and extent to which the pecles cf the activated DNB fibre give way,
and the Ia spiral on the DNB shortens, aftgr the end of the dynamic
phase of stretch (Boyd 1976b, c¢; Boyd, Gladden'& Viard 1977)? This
finding, which suggests that the "creeping" behavicur of the activated
DNB fibres of diffcrent spindles may vary considerably in amplitude
and duration, should be tzken into consideration wiien comparing the
actions of dynamic fusimoctor axens in different spindles, as was done
for example in the survey of fusimotor actions carried cut by Emonet-
Denand et al (1977). In making such a comparison, it is possible that
some of the fusimotor axons which seem to have a "dynamic action modified
by a weak static acticn" on Ia sensory endings (Category 1I, Emonet-
Denand et al 1977) appear as such not becadée scm2 othe: intrafusal
muscle fibre in addition to the DNB is activated by the fusimotor axon,
as suggested by Emonet-Denard 2t al, but because the "creeping" behaviour
of the activated DNB fibre in these cases may be significantly different
from that seen in the "pure dynamic" Category I responses. On this basis,
it would be interesting to carry out a detailed study in which the effects
of dynamic fusimotor stimﬁlation on the response of Ia erndings to stretch
are compared with the effects produced in the saﬁe spindles by the selective
SCh-induced contraction of the dynamic bag fibre. Howzver, such a study
would be complicated by the fact that many dﬁnumic fusimotor axons activate

only one pole of the DNB fibre (Boyd, Gladdan & Wax:d 1977), which SCh

causes contraction at all the end-plate zones 6n the'DNB'(Gladden 1976). - P

Consequently, it may prove difficult to interpret differences between the
effects cn the Ia discharge of stimulating such "single-pole" dynamic

fusimotor axons and the effects of the full activation of the DNB by SCh
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(see Boyd, Gladden & Ward 1977).

At the onset of Phase III of excitation of Ia endings during
SCh infusion, when the SNR is made to contract in the presence of DNB
contraction, the changes in the response to stretca of the Ia endings
provide an insight inio the manner in whiéh the two nuclear bag fibres
interact in the generation of the Ia afferent discharge. In all cases
‘'where Phase III of activation was successfully induced by SCh infusion
except one, it was apparent thit the dynamic resucnse of the Ia endings
was not significantlv altered as a result of chehcontraction of the
SNB, and remained close to the level attained during Phase II of
excitation when thz DNB was the only intrafusal muscle {ibre in contraction
(Results Section IVfB)f In the one exceptioral cése, however, the onset
of Phase ITI of excitaticn was accompanied b 2 gignificant reduction in
the dynamic response of the Ia ending, as illustrsted in Fig. 40. The
recruitment of the SNB in this singular case sigmificantly modified the
influence of the activated LNB fibre on the Ia discharge, indicating the
occurrence of a competitive cccluding interaccion between the Ia sensory
spirais on the SNB and the bNB fibres of this particular spindle. However,
in the much greater majority of cases, such an occluding interaction of
the SNB Ia terminal with the DNB Ia terminal was not seen. Further, the
fact that the dynamic response of the Iibendings.remained unchanged after
the contraction of the SNB in Phase III of ercitation, even though the ii
afferent axons were not "saturated" and could :e made to discharge at a
higher frequency by applyirg 2 faster muscle stretch (Results Section IV.3),
indicates that the alternative form of interaction, that of complete or
partial summation between the Ia sensory terminals on the two nuclear
bag fibres, also did not occur.

It appears, therefore, that the contraction of the SNB in Phase III of
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excitation does not contribute significantly to the dynamic response
of the Ia endings, which continues to be determined by the Ia sensory
terminal on the activated DNB as in Phase II of excitation.

Nevertheless, the small increase in the level of the dynamic
response seen in many cases when Phase III of excization was fully
developed, and the more rapid increase in the frequency of discharge
of the Ia endings during the dynamic phase of streich {see vage 70),
may either reflect a small contribution from the SWB Ia terminal to
the dynamic response of the Ia ending, or may be cauéed by a change in
the rate of transmission of the overall spindle extension to the
equatorial region of the DNB when the adjacent, stronger SNB is made to
contract.

The curvilinear form of adaptation of the Ta discharge after the
end of the dynamic phase of stretch, which“%as characteristic of the
activated DNB in Phase II of excitation, (Figs. 33, 34 and 35), was
substituted in the majority of cases by a regular more linear form of
adaptation when the SNB waé activated in Phase IIX of excitaticn (Results
Section IV.3; Figs. 36 and 37). During the transition from Phase II of
excitation to Phase III, the variability in the discharge of the Ia
endings after the dynamic phase of stretch increased (see for example
Fig. 36), and in some cases the Ia endings discharged at two discrete
"preferred" frequencies (see for example Fig. 39). In many cases a
sharp discontinuity became apparent in the discharge of the Ia endings
immediately after the dynamic phase of stretch, when Phase III of
excitation was fully developed (see for example Fig. 36c).

The fact that in the majority of cases the discharge of the fully-
activated Ia endings showed no remaining trace of the curvi-linear

form of adaptation characteristic of the activated DNB, seems to indicate
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that the DNB Ia terminal no longer made a significant contribution

to the discharge of the Ia axon, and was over-iidden and replaced by

a greater response to the change in muscle length from the Ia sensory
terminal on the actiVated.SNB fibre., However, in many cases the
adaptation of the Ia discharge in the static rxztended phase of stretch
continued to show a component of curvilinearity, even when Phase III

of activation was maximal (see for example Fig. 39). In such cases, it
would appear.that the Ia sensory spiral on the DNB fibre coutinued to
contribute to the Ia afferent discharge after the eﬁd of the dynamic
phase of stretch, and that its contribution was modified but not occluded
as a result of the contraction of the SNB fibre.

These findings strongly suggest that a complex form of interaction,
which is different from the straightfozwgrd summation cf generator
potentials, occurs between the individual iﬁ sensory terminals on the
dynamic and static nuclear bag fibies of the cat spindle. The response
to stretch of Ia endings when both nuclear bag fibres have been made to
contract by SCh, may best Ee explained using the concept of "pacemaker
switching" (Crowe & Matthews 1964a; Matthews 1972). The increase in the
variability of the Ia discharge after the dynamic phase of stretch, and
particularly the fact that some Ia endings are capable of discharging at
two separate "preferred" frequencies during the transition from Phase II
of excitation to Phase III, indicates that the Ia sensory spirals on the
two nuclear bag fibres are each capabie of generating a train of action
potentials, which then interact competitively tc determine the discharge
of the Ia afferent axon. At any given moment, the discharge of the Ia
axon is dominated by that sensory terminal which has the higher instant-

aneous frequency of discharge (Matthews 1972, Ch. 6; Eagles & Purple

1974). As a result, in Phase III of excitation when both nuclear Bag
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fibres have been activated by SCh, the dynamic response of the Ia

ending continues to originate in the Ia terminz] on the DNB fibre,

which because of the viscoelastic properties of the DNB has the greater
dynamic sensitivity of the two bag fibres (see Boyd '1976b, c; Boyd,
Gladden & Ward 1977). The position response cf thz majority of Ia endings
in Phase III of activation is however dominated by the Ia sensory terminal
on the SNB, which occludes the contribution from the DNB, presumably
because the SNB Ia terminal has the greater static sensitivity than the
DNB Ig_terminal. In response to a ramp stretch, thefefcre, the sensory
terminal governing the discharge of the Ia afferent axon switches from
the DNB Ia spiral during the dynamic phase of stretch to the SNB Ia
terminal in the static extended phase of stretch. This switching of the
site of the pacemaker governing the discharge of the T2 axon.presumably
causes the sharp discontinuity in the discharge of some Ia endings
immediately after the dynamic phase of stretch,

However, since in a significant minority of cases the curvilinear
form of adaptation charactéristic of the DNB is still apparent in the Ia
discharge in Phase III of gxcitation and also since the form of the dynamic
response of the Ia ending may change after the activation of the SNB, it
appears that in some cases at least the pacemaker which dominates the
discharge of the Ia afferent axon at a given time is not completely
immune from the effects of the alternative pacemaker on the othgr nuclear
bag fibre. This may be because the dominating paccmaker is unable to
suppress the activity of the alternative pacemaker by means of antidromic
spikes in its branch of the Ia axon ("non-simultaneous reset”, Eagles &
Purple 1974). This is unlikely, however, since Ito (1968) and Brokensha
& Westbury (1978) has shown that in the frog muscle spindle that anti-

dromic spikes in the afferent axon can invade and reset all the spike-

107



initiating areas of the axon; presumably the cat Iz sensory ending

is similar in this respect. An alternative_explanation is that the
currently domirating paceinaker does reset the alternative pacemaker

on the other nuclear bag fibre, but continues to be influenced by the
electrotonic spread of the generator potential frum that sensory
spiral, as a consequence of the close proximity of the two bag fibres
‘in the spindle. The precise pattern of branching of the Ia axon

inside the muscle spindle capsule (Banks et al 1977), and the distance
of each of the pacewaker regions from the sensory spirals on the intra-
fusal muscle fibres, may thus determine the extent to which the Ia
afferent discharge can be exclusively dominated by the output of one of

its sensory spirals.
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APPENDIX 1




In later experiments on muscle spindles, it became of interest
tr examine quantitatively the rate of adaptation of the discharge of
primary endings following the dynamic phase of the test stretch, at
various times during their excitation by SCh. This could readily be
done for the response of the endings to single test stretches, by
displaying the instantaneous frequency of discharge obtained from the
pulse-interval meter on the Tektronix storage oscilloscope and making
the appropriate measuvrements on the oscilloscope screen. However, since
a PDP-8 computer was accessible, a short FOCAL program was written
(page 111) which carried ouvt the required analysis much more efficiertly.

A machine-language subroutine (FSPI) written by Dr. V.A. Moss was
available whichk measured and stored in sequential memory locations the
time-intervals between successive pulses of a train of pulses presented
to the computer via a suitable interface. ‘This subroutine differed
from other conventional unes in that it could be used to digitisz a
variable number of trains of pulses of given length. The FSPI routine
was employed in the program to measure the interspike intervals cf Ia
spike trains in response to several sequential ramp—and-hold strztches.
The number of stretches which could be digitised was limited by the
available storage capacity to a maximum of five, The digitised interspike
intervals were stored in a two-dimensional array, with the start of each
rank of the arvay corresponding to the stdrt of a train of Ia spikes.

The mean interspike interval of the Ia discharge at various times
after the end of the dynamic phase of stretch was then calculated from
the stored data. For example, the Ig_intervals collected between 250
and 350 msec after the end of the dynamic phase of stretch were retrieved
from the array for each of the digitised stretches, and pooled together.

The mean interspike interval and the standard error of the retrieved sample
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(ﬁ)ﬂ gmsec)

Reciprocal
of clock J

counts

Fig. 52. The interspike interval data collected during

one stretch displayed by the computer program during the
analysis procedure. Each dot represents one interspike
interval, and its height above the baseline is proportional
to the reciprocal of the number of cleck-counts accumulated
in that interval. The <clock frequency wasset (using 1lines
5.1 to 5.6 of the program, page 110) at 20 KHz. The
digitisation of data was initiated by a trigger pulse at

the start of the dynamic phase of stretch, and continued for
the following 1.3 seconds in this example. The program then
waited for another trigger pulse to start collection of data
during a second stretch, and so on until the set number of
stretches had been digitised. The interspike intervals
collected in the first stretch were th”n displayed on the
Tektronix oscilloscope (above), and the ’''gate" periods for
the averaging procedure were set up (lines 1.03 to 1.2 of
the program). One "gate” was set up during the dynamic
phase of stretch, and the following ones during the subsequent
adaptation. The program then went through each digitised
stretch in turn, plotting the data on the oscilloscope, and
calculated the mean interspike interval, the standard error,
and the coefficient of variation of the ladischarge during
each of the set "gate" periods.



was calculated, and taken as the mean Ia interspike interval at 300
wsec after the end of the Aynamic phase of stretch. Similar calculations
were made for data collected at various times after the end of the
dynamic phase of stretch, always using a "gate" sémpling period of 100
msec, During this process, the reciprocal of each retrieved interspike
interval was plotted cn a Tektronix oscilloscope, and horizontal bars
marked the span of each "gate" period (Fig. 52). The rate of adaptaticn
of the Ia discharge could then be estimated ffom a plot of the mean
interspike interval against the time from the end of the dyﬁamic phase
of stretch (Figs. 35 and 37; Brokensha & Westbury 1976a).

The pooling together of data from several test stretches enabled
a reasonable sample size tc be achieved in each "gate" period (n> 30j.
However,.in doing this it was assumed that the response of the primary
ending to each test stretch remained unchanged. In order to justify
this assumption, sections of recording were chosen for study which on
initiai examination using the pulse-interval meter showed the response
of the Ia ending to the succeséive stretches to be almost identical.

The working of the program tested using a square-wave generator
set at various repetition frequencies as the source of the trains of
pulses to be digitised, before using the program to analyse the recorded
Ia data. I am grateful to Dr. V.A, Moss for his constant interest and

help with the computer during the development of the program.
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