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Cooling of the lateral surface of & relaxed hindlimb muscle in

the cat caused an afferens_discharge, the 'cold response', in pre-

. Giougly silent, de-efferented sensory endings of muscle spindles.

The origin of_this response was studied in the medial gastrocnemius

e %
po— = [N

<(MG) muscle in 45 cats under nembutal anaesthesia. The mean tempe-

rature (measured at\Ehe'hedial muscle surface) initiating sensory

discharge in 30 'cold resﬁonsg"sﬂlndle endings was 31.7, S.EM. %

0.4% and a meah maximum frequency of 11.8 + 0.6 imp/sec was reached

at 29.5 + 0.5°C. wWith further cooling of the muscle the ‘cold res-
ponse' decreased. An analysgis of ‘afferedt activity from 162 spindle
endings showed that the 'cold respomse'~originated in secondfry

endings, since it was found only in spindle afferents with conduction
N .

"

velocities of 20-70 m/sec, the range for group II secondary afferents.

Only two-thirds of the secondary endings possesséd the 'cold res-

ponse* (CR endings). The remaining secondary endings (NCR endings), )

i

.all pr‘mary _endings and Golgi tendon_grgans were aocfs;ted only by

~‘!tre5/h ﬁfﬂfhe muscle. During a maintsined stretch the steady sen-

sory dtschxrge‘of these endings was decreased by muscle cooling.

IS

In CR endings a similar effect.wag seen if the-response to main-

L4 j

g)ined stretch was sufficient :o nlak the 'cold response'. At

Y normal body and nuscle temperature the dynanic and static respon-

ses (0.5 sec aftet ramp stretch) of 21 primary, 26 CR and 11 NCR

—

secondary endings were compdred using a stretch of 10 mm and

e
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velgcities of 5-70 mm/sec. It was found that the d\ . responses

and the dymamiv. indices for the CR endings were signifib tly less:

than those of the primary endings but significantly greater pjhan

)

those of the NCR endings studied. The mear} static responses of

primary (49.3, S.E.M. % 2.9 imp/sec) and C{ endings (49.8 & 3.9

imp/sec) were the same and both were si ificantly greater than

those ©f the NCR endin%s (25.2 £ 2.5 mp/éep). It is ;uggested
that CR secondary fndings, like primary endings, meas;re length -
plds velocity, whereas the NCR secondary endings mea§unynmin1y

' length, : . : o

. .Cooling of the mq§c1e to 32, 28 and 24°C decpeased fh? gtatic

- ~%
response to stretch (10 mm at velocities of\IO-SO mn/sec) more than

. s
that of the dynamic response. Because of this muscle cooling did

not produce a significant change in the dynamic indices of the’
three types of ending.

The fiﬁding that;nuscle cooling ;electively stimulated-se-
condary endings provided a method of studying the role of éhése
afferents in sp1‘ eflex activity., .The effeéts of cooling the
relaxed MG muscle on the monosyq?pt&c,xefléi (MSR) from the laté-
ral gastrocnépius soleué (LGS) nerve wefe studied in 12 decerebrate

~ .

and 4 spinal cats. The main finding vgé that cooling resulted in
an increase in the heteronymous MSR beghaning at 32.5 S.E.M. %
0.6%¢, reaching a maximum at 29.3 % 0.8°C and decreasing with

further cooling. Changes in tﬁe MSR followed the same pattern
1 .
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as that from the €R secondary endings during cooling of relaxed

’ .

MG muscle: It was concluded that the MSR was increased by the
-~

aL}'nchronoLxs response ol de-¢fferented CR secondary endings to

. /ooling. . : - .
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I. INTRODUCTION

The mammalian muscle spindle has been studied for over a
century. In addition to several notable reviews (Granit, 1955;

L4

Hunt and Perl, 1960; Matthews, 1964) and symp?sia (Barker, 1962;
Andrew, 193?; Qranit,-1966; Banké:, Przybylski, wvan der Meul;n ‘
and Victor, £972) comprehénsive accounts of the present state og
the muscle sginéle have been published (Granit, 1970; Matthews,
1972). Such art extemsive investigation has gtea¥1y extended
knowledge of spiﬁdlg morphology; discharge characteristics and
reflex ac:*ons. | .

In g;neral the muscle spindle is régarded'gs a complex
sensory organ, uud!; effe;ent control, which sig;ala chagges
in muscle length and contriﬁutes to the subconstious control
of movement and the sensation oé position. The spindle is a.
partially encaﬁsulate& structure with an afferent and efferent
_ merve supply innervating a variable number'of 1ntrafhsa£ muscf;
fibres. The nuclear bag and nuclear chain intrafygal fibres
are distinct anatomical structures with differences #n fibre
length, diameter .and arrangement of nuclei. All intrafusal
fibres within a spindle receive a branch of ;ﬁe single primary
ending and a variable number of secondary endings, lying pre@o-
minantly on nuclear chain fibres beside the primary termination.

At least two types of motor ending are present, although the
- *

S N




degree of their distribution to the different.intrafusal fibres
is still controversial.

A comparison of spindle ;fferents has shown that primary
endings are more sensitive than secondary endings to a variet& of

’ stimuli,-including musc le stretch, Jibratiou and efferent control
,(Ma;tﬂewé, 1?22). Recently spindle semsory endings have been
shown to re;pond to muscle cooling. Lippold, Nicholls and Red-
fearn (1960) demonstrated in vivo and in vitro that cooling of
Fhe.relaxed hindlimb muscle of the cat caused an afferent dis-
cbarge,"pqld respbnse‘,‘in previously silent, de-efférent;a‘
semsory enéings o; muscle spiﬁdles. Muscle cooling initiéteﬂ
afferent activity at 32°C; the frequency of discharge was con-
stant at any.one temperature egd independent of the cooling rate, b
The 'cold response' originated in spindle afferent fibres’pos-
sessing small amplitude sp@kes, whereas - fibres with_the largest
spikes showed no, responge to cold. Such result;.suggested that
the sensory endings co;nected to the smaller diameter spindle
group fI aﬁ:;rents, from secondary endings, c;rriéd the 'cold
; response', The ‘cold.responge' .is n;; limited to d?indles ;f
the cat muscle but has been demémstrated also in the mouse (Ba-

net and Séguin, 1967) ‘and in the rat (Michalski and Séguin,

1971y, 5

. . .
. The first aim of the present investigation was to identify

conclusively those epindle affere;§‘endingg which possess the ]

-




'cold response'. Spindle endings were classified as either pri-

mary or secondary endings using the generally accepted convention////"/:

that primary afferents have conduction velocities highe;\;hén\}é

m/sec, while those of the secondaries are Jdess. 'l‘he response of.
both types of affe‘rent endin& was studied during moderate coohng

o " in relaxed muscles. The findings showed that the 'cold response'’

- wa; absent %n primary endings and was present ‘only in & portiom
~of the secondary endings. The latter finding led to the second
éim of the investigation,'héme}y.to study the respouse to stretch
of those secondary ending§ which responded to muscle gooling (CR
secondary endings) and .those w.h‘ich di;i net (NCR secondary .endings)-
and to compare both with'p?im§r§ endings.

Eldred, Lindsley and Buchwald (1960) who identified muscle

. sensory endings on the basis‘of their afferent fibre conduction

velgcity, gave évidé;ce tgat the afferent activity of both pri-
# ‘'mary and secondary endipgs of the stretched gastrocnemius muscle
of the cat was decreased during nfuscle cooling. This Einding was

'in a way contradictory to that of Lippold et al. (1Q§Ob. It was
expected that the érgs?nt ihveatfgation\would g}so belp to’resolve
these contradictory findings. In éonjunétion with the agove expe-
riments, therefore, the response to atrecch of CR and NCR spindle

. endings was studied durins muscle cooling.

At present the reflex actions of secondary endings,are‘not

clear. Initially Lloyd (1946a, b) amd Brock, Eccles and Rall




®

-
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(1951) had shown by monosynaptic tésting in the cai that the group

11 afferents excited flexqr amd inhibited extensor motoneurones.
.This finding was'conffzred by intracellulat motoneurone recordings
(Eccles and Lundberg, 195%9a). Later group II secondary endings to-
gether with group III muscle afferents and high threshold joini and
skin afferents were defined as part of a8 system of flexor reflex
affer;nts (Eccles and iﬂﬁdberg; 1954&; Holmqvist, Lundberg and
Oscarsson, 1960). Thusythe secondary endings were thought to func-

.

“tion in conjunction with a variety of non=-specific afferents to
produce facilitation of ipsilateral flexor mgscles and inhibition
of ipsilateral extensor muscles rggardlesS’of the muscles éf'érigin.

On the other hand, excitation of muscle afferemt nerves with
stimgli of groﬁp I1 strength has been shown to result in excitation
oiwipsilaterél extengor'motoneutones (Eccles and Lundberg, 195%a;
Wilson and Kato, 1965) and facilitétion of the monosynaptic reflex
(Holmgvist and Lundberg, 1961). These d%vergent results may be
explained in part by the fact tth a selective ;timulus f;r secon-
dary endiﬁgs is not aGaiIable. The refiex actions of secondary’
endings were examined mqstly in experiments which deﬁévded upon
electrical stimulation of merves for activation of refiQx pathways.
Because of the overlap in fibre diameter range and the finding that
group 1I fibres do not form a ftinc_:i.,onally.honogenaous group (Pain-'

' tal, 1960; Barker, Ip and Adal, 1962) electrital stimulation can-

‘aot be }egarded ag particularly selective for any one fibre group.




(1951) had shown by mdnosynaptic testing in ¢ cat that the group

N\

1T afferents excited flexor and inhibited exten motoneurones.

rone recordings.

This finding was confirmed by intracellular moton
. \

(Eccles and Lundberg, 1959§). Later group II secondaxy endings "to-
getherlwith group III muscle aMerents and higﬁ threshold joint and
skin afferents were defined as.\part of a system of flexc-)r reflax .
afferents (Eccles and Lundberg,\l959a;;;Holmqvist; Lundberg and
Oscarsson, 19&0). Thus the s;condaty endings were thought to func-
tipn in conjuncti:an with a variety of nom.sbecific afferents to
produce facilitation of ipsilateral flexo§ muscles and inhibition
of ipsilateral extensor muscles regardles; of the muscles of origin.
6n'che other hand, excitation of muscle afferent nerves with
stimuli of group II strength has been shown Fo result in excjitation
of ipsilateral extensor mptoneurones (Eccles and Lundberg, 1959a;
Wilson and Kato, 1965) and facilitation of the monosynaptic reflex

(Holmgvist and #undberg, 1961)., These divergent results may be ~
éxplained in bart by the fact;that a selective stimulus -for secon-
dary endings 1sj;ot available. The reflex actions of secondary
endings were examined ;ostly in experiments which depended upon ‘QE”
4lectrical stimulation of nerves for activation of reflex pathways®
Because of the OVerlaphin fibre diameter range and the finding that
group II fibre; do not form a f%ncfiondlly homogeneous group (Pain-
tal, 1960; Barker, Ip and Adal,/1962) electrical stim&lation can-

1~

not be regafded as particularly selective for any one fibre group.
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Recently Matthews (1969) and McGrath and Matthews (1973)
studied the Teflex gffeéts of secondary endings {n experiments
which were based on the use of 'natuwral stimulation' i.e. muscle
stretch, rather than electrical stimulation, Th;y.obtained,rei
sults suggesting that in the decerebrate cat. secondary endin:gs

o from an extensor mdscl;Y;roduced autogenic excitation réther
than inhibition and could contribute to the tonic stretch reflex.
- Thus the role oflgecondary endings in the stretch reflex is also.
controversial. , |
The present finding that muscle cooling could'selectively
actiihté secondary endings provided a ﬁnique metho? for testing
the effects of seqpndfry activity on spinal reflexes. _Fherefoge
the third aim of the study was to investigate. the effects of se- .
cOndary‘actf2f> elicited by muscle cooling, upon the heteronymoué‘ f
2 ' monosynaptic reflex. .
From a functional point of yiew the variability of secon-

dary en&ing reflex effects  indicates that these receptors may not

-

[ . N
form a homogeneous’group. The question as to whether or not se-

L]

condary endings should be subdivided into fwnctionally distinct

’ ‘ groups as previously attempted by Bianconi{ and van der Meulen

(1963) is still unanswered. In this respect, if secogdary’end-

ings can be clearly shown_to bercomposed of two distinct groups,
,:‘ " - . s
] . the conflicting resulsp of their reflex actions may be more rea-

dily explained.
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II.  HISTORICAL REVIEW

<

- \ . ’ s
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1. The Early Investigation of the Muscle Spindle

“

Mammalian muscle receptors and, invparticAnlar muscle spindles
have been the subject of extensive(investigat'ion for over ome
‘hundred years. According to Ruffini (1898)/ the p;;é;nc"e of small
muscle fibres in adult muscle was first reported by Hassal in 1851.
i1-1c.mevez- credit for the earliest dngfiétion of .the muscle spindle
belongs to Weisman (1861),/who/sa\; the slendeg bundles of muscle
fibres now known t? be intrafusal fibres (c.f. Hatt:tltews, 1972).’
Simijar bundles o:f fihres were observed in frog m& mammalian
muscle 'by Kolliker (1862) and Kliihne (1863) who provideé details:
‘of spindle structure and special m:as. Because of theirﬁ'mall i

size and large content of nuclei Kolliker ’auggested the term . RIS

-

muscle bud, "Muskelknospen", and believed épindles to be growth
s %

rd

centréé persistir{g in adult muscles Kuhne noted one large nerve

/ .
) fibre in each muscle bundle and thought that the nervous and

muscular element g formed small gnt:l.:ies who's; ahapg'sugges:ed
the temm muscle“:spipdle, "Mns.lcelspindeln". Based on‘gl\xe above
evidence apd his owd ﬁorphologic'a]: findings Kerschner (1$88)
goncl?xded' that the muscle spindle was a complicated sensory or-
ga'l; ;et:ving muscle sense. Omanoff ‘(1890) ghowed that ventral |

. root.section caused atrophy of sope spindle nerve fibres, while.

Y
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destruction of the dorsal robt ganglia produced degeneration of
negrly all spindle nerve endings. Originally overlooked, Onanoff's
evidence for a spindle efferent immervation was later confirmed by
Sherrington (1894),

During the 1890's the valuable works of Sherrington_and

Ruffini provided further details of spindle structure and nerve

+

innervation. Sherripgton (1894) described the.spindle as fusi-
- N - .

R form in shape, surrounded by a capsule which enclosed a periaxial
* ' - .
space. The individual muscle fibres, termed intrafusal fibres,
posséssed a central equatorial region filled with sphenbidal nuce

b

lei anda more distal, non-nucleated polar region? Each intra-

A}

fusal fibre ran from end to end along the spindle axis and ter-
minated in extrafusal fibres or tendon.. Sherrington traced

- afferent nerves to the spindle and showed that each spindle re-

@
ceived one or more large fibres, 7-18 microns (n) in diameter.

The appearance of these nerve temminals within the spindle was
outlined by the technique of gold'chlofide impregnation (Ruffi-
ni, 1898). Ruffini described and named three morphologically

distinct kinds of nerve ending and these names still appﬁg to ¢

. <9 = " P
day. Ruffini's largesprimary or annulospiral ending, formed
N o : 3 ’ ’

from a single medullated afferent fibre, supplied-a branch to
. 5 - T

each spindle intrafusal muscle fibre and terminated' in coils or

L}

-spifﬁ}s around tﬁe midequatorial region. - Although the primary. _\'

Pl

¢
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fibre was noted previously (Kithne, 1863; Kerschner: 1888; Sher-
rington, 1894), Ruffini (1898) was the first to describe the
smaller secondary or flower spray ending,,whiéh consisted of an

L .
irregular termination rumning along and around the ihtraqual

fibres to innervate the myoty ion adjacent to the primary

ending. The primary ending occupied the central 300'n region of

-
the spindle length while the secondary covered a 400 n section,

e
proxlmal to. tK/,equator1al zone but not overl pplng the primary

s

Ruffini (1898) distinguished a th1r

‘ending. discrete nerve

_ending, (Kerschner S\ plate ending', 1888), er than the

o
prlmary or secopdary, confined mostly to the pélar_regions and

similar to the extrafuveal fibre motor, end plate. <Contrary to

" Kerschner, Ruffini éié;g;\gglieied\prate éndings to be sensory

”~

structures. ; i Co N ';
' . - .

Despite some indication of motor innervation such as the

findxng of spindle End plates (Eerscbher, 1888 Huber and De

Wwitt, 1897; Weiss and Dutil, 1896)‘and the.degeneratton of some

spindle fibres‘*fte; ventral root section (Onanoff, 1890; 'Sher-

rington, 1894) the ﬁresence of'g motor'supply';o the spindle was

not cénfinﬁed“entil many yesrs later. Boeke (1927) sectioned

both ventral and dorsal'fobfs broximal to the dorsal root‘gang-

. ' [
lion and feund that the plate endings to the intrafusal fibres -
Ruffini's third sensory eﬁding was reveale

dege&Erated; "to be

motor because degeneration e;periments by Hinsey (1928); Hines

. - . -
- ~e -
-

b2
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and Tower (1928) showed that g}ate endimgs persisted after removal

of sympathetic ganglia, but degenerated after ventral root sectionm.

—/ -
The existence of a spindle efferent innervation was further con-
. : < )
firmed by Cuajuneo (1932) wvho reported the persistence of polar
. -

pf;te_endings after removal of dorsal root ganglia. QTﬂus after

almoet 70 years of observation and Study the mammalian muscle,

*
b LAY

spindle was firmly established as a sensqry organ with an effe-

rent .innervation.

:

These early.studies provided the aﬁatomical basis for the

. ) - Fe ‘ 9
. "'classical picture' of the muscle spindle which served until Pe‘ék—;——sg\K
-

cent times as the generally accepted description of spi?dle'mor-
phology. The immervation consisted ot two tyges of afferent

fibre'aﬁd a sinéle fiype of efferent fibre innervating the intra-

<

fusal muscle fibre." The spindle was described as a partially en-

‘.

capsulated structure, fusiform in shape, containing several ’intra- -

fusal fiﬁres with ﬁ@ntrally locatedingcléi. The 1nﬁividua1w1ntra-

.- .  fusals varied in11ength and® diameter and pessed through the capsule

. to attach tq,extrafusal fibrea‘or tendinous'slips. . ' ‘
) . . ’ ' . . ,
< L d
-t .- R " . :\ . S
’ - - . R . s .
2.  The Bresent Picture of Muscle Spindle Structure . -
¢ . .
” N : , - o ’
Y iaa \Little new imowledge was added to the ‘classical pidture' of

~

. the spindYe until the 1950'c when two differemt kigds of intrafusal
{ .

* - -
L 13
. [
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muscle fibre were recognized. Intrafusal fibres were already knowm

to vary #n length and diameter (Sherringtom, 1894;

Ruffini, 1898),

and later Cuajunco (1927) divided intrafusal fibres into large,

medium and small groups. In his descriptiom of rabbit spindles Bar-

ker (1948) applfed the term nuclear bag (NB) to the aggregate of 40

or 50 nuclei found in some intrafusaf\fibres.

In addition to Bar-

ker's nuclear bag fibre Cooper and Daniel (1956) described an

intrafusal fibre in human hand muscle which contained a myotube of

central nuclei in the equatorial region. Similar myotube intrafu-

sal fibres were observed in spindles of the cat tenuissimus by

Boyd (1956) and later by Barker and Gidumal (1960) who called them

_nuclear chain fibres (NC). Boyd's beautifully illustrated paper of

1962 -provides a comprehensive picture of the two intrafusal fibre

types. He found that the nuclear bag fibres are charmacterized by an

enlarged equatorialbregion containing many tightly packed apheroidal

. nuclei. At either end of the central portiom, the nuclei continue

-

as a single .row into the myotube regions. In contrast, the nuclear

chain fibre equatorial region contains only a single central row of

elongated nuclei. In cat hindlimb°nusc1es.the nuclear big intra-

fusals are gener2lly longer and thicker than nuclear chain fibres.

There is some controversy as to whether or not each of the .

two kinds of intrafusal fibre can be traced as a discrete entity

from end to end. Earlier the majority of workers held that bran-

ching of intrafusal fibres occurs throughout the length of the

’

19
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spindle (H;isman, 1861; Kihne, 1863; Ruffini, 1898# Haggvist, -
"1960) wisile more recently}it has been maintained that branching
occurs rarely, if at all (Boyd, 1958; Coopgf, 1960; Swett and-
Eldred, 1960).- P
-k The longer nuclear bag fibres genérglly extend beyond the
capsule attaching by a tendinouszstrand at their taperi;g shds.to
the perimysidm of closel¥ adjacent extrafusal faséiculi (Boyd,
1962). 1In the rat some nuclear chain fibres also extend beyond
.capsule poles (Péryako and Snitﬁ, 1958), but in‘the cat tﬁey'
usually end.close to the polar ends of the capsule (Cooper and:
Daﬁiqa, 1963) and may insert on bag fibres (Bo;d, 1962) or in the
capsule wall (Bridgman, Shumpert and Elﬁied, 1969). The rela%ive
number of bag and chain fibres per spindle varies congiderably;
howeder in thz hindlimb muscles of the cat the mean number of bag
fibres per spindle is 2 and of chain fibres, 4 (Boyd, 1962).

Each spindle has only one primary semsory fibre (12 - 20 n
in diameter) cousisting of spiral terminations, incomplete rings
ahd a few sprays which\fnnervate & 300 p centraa nuclear region
on each spindle inérafu?al fibre (Barker; 1948; Boyd, 1962;
Cooper and Daniel, 1963). Im cbntrast c;t spindleg’nay carry up
to four or five secondary fibres (Barker and Ip, 1961; ‘Boyd,
1962) and the approximately 400 n lo;g refions they occupy on
éicher s%de of the primary Eerhinntion have ban con;eniently
designaved S, s;, S, and S, by Boyd (1962). " Secondary endings



=Y
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’

ére loc;ted predominantly on. nuclear chain fibres and -assume a
spiral form (Bovd, 1962; Barker and Ip, 1563). ‘Tlowefisprayf
teminations of the secondary ending (Ruffini, 1898) occur and

are found mainly on the myotube :egioﬁ of the nuclear bag fibres
i(Barker and Ip, 1963; Barkgr, 1967; Mayr, 1971). The affe-
rents from the pfimary endings have been classified as group I
afferent fibres of muscle nerves (Lloyd and éﬁang, 1948; Rexed
.and Therman, 1948). They were called Ia fibres by Bradley and
Eccles (1953) to distinguish them from Ib afferents from Golgi
tendon organs. The secondary endings were classified as ‘group 4

-3

II muscle afferents. >

&

. 13
.Ih addition to the polar end plate'type of motor innerva-

tion (Kerschner, 1888; Huber and De ﬁitt, 1897; Weis and Dutil,
1896) the spindle was found to have diffuse muffi-terminal endings
along the entire intrafusal fibre iength except for the equatorial
region. This was first detected in cat and rat spindles by the
cholinesterase staining technique which ‘revealed the presence of

a motar apparhtus near the spindle eqiatorial region (Cders and -
Durand, 1956).. Boyd (1962) showed definitely that there were two
types of gamma efferent axons to the spindte;‘the gamma termina-
ting in motor end\plates, and the gamna , terminating as a diffuse
network. Barker and Ip (1965) introduced the term trail ending

rather than network and both types of efferents were called

. O
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fusi;otor, a temm sug‘ssted by Hunt'and.éaintgl (i958). Horph?-
.lggical differencesibetweeg plgte and trai{ endings have been
described now in_detail (Barker, 1967; 6orvaja, Marin&zzi aﬁﬁ
Pompeiano, 1969; Bafker, Stacey and Adal, 1970; §a;§%F gpd

_ Girvin, 197i). The main difference between them as sge:\by the
light microscope is that plate endings consist of discrete end-
'plates, whereas trail endings cover a large area of intrafusal
fibre surface. Under the electron microscope the main difference
in ultrastructural features is that post junctional folding is .
more ifﬁminent beneath plate endings than beneath trail endings.

More recently two types af plate ending (Barker, 1966) .

termed Pl.and P2 (Barker, 1967) ,have Been distifiguished in cat

* muscle spindles and are éhought to originate ¥rom beta and gamma
fibres respectively. "The P1 plases, similar in structure to ex-
trafusal motor eud plates of alpha fibres, are located at the
extreme polar region, while the P2 plates are in the midpolar
region of the intrafussgl fibre. .

The distribution of these three types of motor terminal,h;v;

been the subject of,aane'cont;o§ersy. Boyd (1962) and Béyd and
Davey (1966) mainta;ned that the trail enéing terpiﬂ;:es exclugively
on the nuclear:chain~intrqfusal fibres} whilo'notor'end pla:es'are
always 1ocateg on,the nuclear bag fibres. On the other h“f; Barker
and Ip (1966)'and-Bar£;F et él. (1976) believed that the different

‘types of fusimotor endijgrare now selectivel} aistributid to the

4




twoe types of intrafusal muscle fibre.” Subsequent histological stu-
dies (Corvaja, Marinozzi and Pompeiano, 1969; Barker, Stacey and ~
Adal, 1970; Boyd, 1971b) have shown that plate endings are, in the

main, confined to nuclear bag fibres and that nuclear chain fibres

are often innervated bdy trail -endings only; however every intra-
- Y

fusal fibre may receive either one or both types. More recentlv the
use of histophysio}ogicél teghﬁiques has-demopstratgd that the axons
of trafl e#éingg ingervate both bag and chaiﬁ intrafusal muscle
fibres (Bagker, Emonet-Dénand, Laporte, Proske and Stacey, 1970).

. In summary, the 'classical picture' of the spindle has now

been enhanced by the addition of several significant features.

The nuclear bag and nuclear chain intrafusal fibres have been

N
-

shown to be two digtinct qnatomicﬁl structures with differenées
in fibre length, diamétég;énd arrangement of nuclei. All intra-

fusal fibres within a spindle receive a branch of the single pri-
mary ending and a variable number of secondary endiégs lying pre-
dominantly on nuclear chain fiéres beside the primary termination.
Our knowleage of the motor innervation of the intrafusal fibres
is stjll incomplete, but it is clear that at least :wo types of
motor endings ;re present although the degree of«their distribu-~

tion is still controversial. .

I.’ . . L]

3. Characteristics of Spindle Afferent Discharge .

.
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Sherrington f'requently referred to the semsory role of
muscle spindles; however a good un;:lerstanding of spindle physio-
logy came only with a:}vances in electrophysiological techn.iQues,
specifically through that of single nerve fibre recording, intro-
duced by Adrian and Zotterman (1926) and further developed by B.

H. C. Matthews (1933). The afferent discharge from single semsory

endings in mammalian muscle was first recorde;:l by Matthews (1933) =«

who cut down the muscle nerve until only one afferent fibre from
the muscle remained intact. Matthews studied the res‘ponses of a
}argL number of single fibres to different mechanical stimuli

applied to the muscle and recognized three patterns of discharge

A, B and C. The C endings were suggegted to come from muscle

b
fascia. ev distinct patterns of response were observed

during muscle contrac}:ion; tixe diecharge rate of some endings de-
cregse’d (type A) and that of others increased (type B).‘ Previously
}‘ulton and Pi-Sumer (1928) had suggested that muscle contréction

would stimulate Golgi tendon ox;gans "which Ii; in seri:es with muscle
fibres and would unload spindles which lie in parall’el with:e.x‘t{r'a-

_ fusal muscle fibres. On this assumption Matthews inferred that A
. , : /
and B responses were characteristic of spindle endings and tendon

organs respectively. Matthews divided the a endings into A, and
; )

A, and concluded that secoudarieé corresponiled to the former and

2
primacies to’the latter subdivision. Under Matthews' experimental

y

conditions the A, and A, emdings behaved similarly; both were



-excited by muscle stretch, possessed low threshalds to extension

~

and a discharge Efequencyﬂdgfendent upon vélocity and amplitude :

- of stretch. According to Bf H. C., Matthews the primary and se-

condary endings coyld be distingx;ished mainly by their response
to intrafusal fibre contraction and ;xot to mechanical stimuli.

More recent work has cast doubt om th; pt;ysiological gigni-
ficance of B. H. C. Matthews' c];.agsification,of. spindles: - The
identification of an ending as primary c;r secondary may now be
made 1m.iepemdent'1y of its s;ubdi;rision into type Al or Az by mea-
suring the conduction veloéity of its afferemt ne-rve fibre. Merton

(1953) observed that impulses could be detected in the dorsal roots

at intervals after stimulation of muscle nerves which placed the

\)A + conduction velocity of the impulses at 30-50 m/sec. Hursh (1939)
. had shown that the conduction velocity of a medullated fibre in
. metres per second.\ns equal to approximately 6 times its diameter

in microns. The impulées studied by Merton would therefore be

" travelling in fibres with diameter of about 5-8 p and so could
come from ‘sec9ndary endings which we-re- known to be supplied by
‘afferent fibres of this size in the muscle (Ruffini, 1898; Bar-
. ’ ker, 1948). Sub,sequently' Hunt (1954) recorded action. potentials
o from single sensory fibres in dorsal roi:ts' fran theAcat's medial
gaatmcﬁmius‘ and soleus muscles nnd s&stmtically classified
‘ these afferent 'fibrea' (after Lloyd, 1948) into two groups based
on fibre size, group I (12-20 n) and group IT (4-12 p) with, -

»
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the dividing line at 12 p. Using Hursh's formula, Runt's boundary
was placed at 72 m/sec. Since that time it "has been customary to
. . . k_/; _\"
divide spimdle end organs on this basis with.primary endings being
equated to the larger group I afferents, 72-120 m/sec and secon-

dary endings being equated with the smaller fibres of group II

afferents, 24=-72 m/sec.

o~

The method, introduced by Hunt and Kuffigr (1951) of re-
cording the dischargé of single afferents from subdivided dorsal
root filaments combined with their classification by tonduction
velocity éreatly enhanéed the study of brimary and sgcondary
spindle ending respopse§. Cooper (1959, 1961) compared the be-
haviour of primary and sec?ndary endings of the cat soleus to a
constant amplitude stretck) (4 m)i of variable velocity (8-100

o

tm/sec). _ .

Cooper's findings supported those of Hunt (1954) with res-
pect to the observation of lower threshold to stretch for pri-
mgry than for secondary endings; however she also found that
¢primary endings possessed a greater sensitivity cé dynamic stimu-
li than seconda}y endings. During the application of stretch
Cooper.(l961) noted that the secondidry ending discharge frequency
hardly ;xcgeded thatf;eached during a maintained stretch, -regard-
less of the\.stretch.velocity. The greater dynamic semsitivity

of the primary ending hag been confirmed now in a.variety of-cat

preparations and muscles (Lundberg and Winsbury, 1960; Harvey and

-
a
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Matthews, 1961; Appelberg, 19625 Bessou aund Laporte, 1962; Jansen
and Matthews, 1962a; Matthevs, 1963 Renkin and Vallbo, 1964; Al-

" naes, Jansen and Rudjord,.l965; Lennerstrand, 1968),

A more detailed analysis of spindle discharge such as mea-

- surement of the dynamic index has provided evidence for an ovegplap *

in the range of primary and secondary ending responses. The dif-

ference between the frequency of discharge just before the end of -~ -

the dynamic period of stretching and that occurring 0.5 sec later

<«

was termed the.'dynamic response' by Jansen and Matthews (1962a)

and later called the 'dynamic index' by Crowe and Matthews (1964) .

. \
Although arbitrary, the 'dynamic index’: has prover to be a useful

< .
measurement of the velocity responsiveness of a spindle ending.

Matthews (1963) found that the dynamic index of both primary and
. .
secondary endings in the cat soleus *increasgd with increasing
] . ' ' ,
velocities of stretch, but its value was consistently higher for

(/ , the majority of primary endings'at all stretéh velocities. -

\ . Spindle endinge cannot be divided completely intg two distinct

—

‘fungtional groups, since overlap does exist betwfien the sensory

. R )
responses pf some primary and secondary endings. Matthews (1963)
found that some spindle endings with afferents in both the high

(greater than 80 m/sec) and low (less than 60 m}sec) conduction

velocﬁ'y ranges could not be classified as either primary or se-
condary endings on the basis ‘of their dynamic index. - Alnaes,
»

Jansen and Rudjord (1965) found considerable overlap in the

- !
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dynamic indices of primary and secondary endings in the anterior
tibial muscle of the cat.\/?hnilarly, Cody, Lee and Tavlor (1972)
«
reported that they could find no evidence of two distinct popula- 3

tions of afferent fibres in terms Bf dynamic index for the spindles
of the jaw muscles of the cat.

The finding that some overlap in respemse properties does ~
exist has led many workers éo study only fibres with conduction-
velocities above 80 m/;kc‘;nd below 60 m/sec (Matthews,‘1963;
Renkin and Vallbo, 1964; Brown, Engberg and Matthews, 1967).

Some spindle endings‘with conduction velocities near 72 m/sec

-

were reported to have properties intermediate between those of
primaries and secondaries (Matthews, 1963). Rack and Westbury
(1966) found however, that all such intermediate fibres fitted

into théH;;imary or secondary eﬁding gro

*

fibre contraction was induced by suxamethonium or acetylcholine.
In contrast to the above findings, thos? deaiing with the
static sensitivity of the endings are relatively uncompl;!ated.
The static responses of primary and secondary endings to a main-
tained ;tretch (measured 0.5 sec after the end ¢f ramp stretch)
are not siénificantly different (Matthews, 1963; Alnaes, Jansen
and Rudjord, 19&5).‘ Harvey and Eftthews (1961) showed also that
with gassive stretch of the nfuscle the static di;éharge of both

primary and secordary endings increased linearly at the same
v .

rate. The slope of this frequency - extension relétionship was

LY




Qéfined as the 'static sensitiv}ty' of the receptor ending.GWhit-
teridge, 1959) and was shown to be the same fgr primary and secon-
dary endings (Jansen and Hatthews; 1962b; Alnaes, Jansen and
Rudjord, 1965).

ééimary and secondary ?ndings have been further differen-
tiated by their degree of response to vibration, Echdf; and Fes-~

sard (1938) applied tuning forks to muscle tendons and were.ablé

to stimulate unidentified stretch receptors with g}bnétioﬁ.
. , ~

Kuffler, Hunt and Quilliam (1951) reéordedhfrom'siﬁéle spindle
afferents and found that the muscle«gerve aischa;ge.in the cat
followed the rhykhm imposed by a tuf?;é fork applied to the ten-
don. Subsequently Granit and Kg;atsch~(l956) found that vibré-)‘
CO;y stimuli applied to the tendon and to the mu®le itselé was
an efficient stimulus of primary endings. In addjtion -they noted
that primary endings activated By fusimotor st ulatioﬁ.;esp;nded
to higher frequencies of'vibracion thag‘;gdings vigrated in a de-
"efferented muscle. ~ | '
Bianconi and van der Meulen (1963) compared. the responses of
primary and ‘secondary endings to v1g=ation. They applied vibration ’

-

to thelocalized area of the muscle overlying the spindle and were

> ]
';Kie to drive all primary endings and nearly one-half of the secon-

daries studied to discharge one impulse per vibration up to a maxi- '
mun frequency of 100-300 c.p.s. However, none of the secondary ~

endings could be similarly stimulated, when the vibration was

- ' - !




" vious to this Eccl®s and Sherrington (1930) described twossizes of

apéliéd'to the tendon of the maSETa) ' :
Crowe an&\MaQ;hews:(lQé&)xaﬁd Brown, Engberg and<Mattgews-;

(}967$'noted that vibration applied 19ng{tudinall; to the ggndpn

of ‘the soleus muscle powerfully excited spindle ggiﬁary endings

3] .
but had little or no effect on spindle secondary endings. The

secondaries ceased to follow the stimulus with 1qugftﬁdinal

=§tretches of low frequercy and smail .amplitude (Brown, Engberg

.

and Matthews, 1967). Thus longitudinal vibration of the muscle

tendon has become ﬁopular as a selective 'matural' stimulus for
. " : [
primary endings and has been'widely employed to study this re-

P

ceptor's role in the central nervous system activity.

~

'

4. - Efferent Control of Spindle Discharge

~

° -

Early histological work established the prg¢sence of a_ spindle

1

efferent innervation (Omanoff, 1890; Sherrington, 1894;C Boeke,

1927) but the effect of fusimotor stimulation wad first demonstrated

by B. H. C. Matthews (1933). He showed th& stiﬁulation of a motor

nerve of a mf¥cite caused excitation of some spindle afferents. Pre-
’ -
moto‘ fibre in ventral roots and muscle nerves and O'Leary, Hein-
bedker and Bishop (1935) suggested'qhat the smaller group of effe-
rent fibres might be motor to the muscle spindles. Positive evi-

éeuce for this was obtained by Leksell (1945). During fairly

N Q
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. Y , . '
Selpctive )lpha fibre blockage Leksell observed that gamma stimu-
. \ S a .

tion proddced little muscle contraction but it increased the

afferent discharge. From this'he concluded thar garma,fibres

v

- 13
regulated muscle sensery activity.. This conclusion was subgse-
-
L J .

_quently confirmed ® Kuffler et al. (1951) who found, 'in addition,

that stimulation of a single gamma fibre could incréase the dis-.
v chapaq of spindle ‘endings. . *
' -~

y41962 Matthews héa shown . that gamma fibres could be dif-

J ferentiated into two functionally distinct types; dynamic and

o : static fgi}motor fibres. The‘dynamic fusimotor fibres gnhanced
the. response of ®the primary enaings du;ing the dynd&ic pha;e of

| 'scretching; wgile the staci?‘fibres failed to_do so. Omn gﬁe .

other hand; stimulgtiqn'of eit!e; dynamic or\static fusimotor

. ' ) ‘ . fibres increaged tge discharge of the primary endings during
maintained stretch, The action of fysimotor fibres ?A secondary -
endings was also examined. StaFic fustmotor fibres head their- -

. characteristic effect but the dynamic, fusimotor fibres did not

. T . . : N §:

e infllence spfﬁgie secondary ending actt&ity (Crowe and Matthews,

. '1964; Appelberg, Bessou and Laporte, Lé%ﬁ).

‘It would appear that -static and dyngméc fusimotor fibres

! are capable off}npervétiﬁg both nuclkear bag and nuclear chdin -

fibrés.. Combined studies of the histology and physiology of

3

4
fusimotor fibres (Barker, Bmonet -Dénand, Laporte, Proske and

. -

, ) Stacqy,w19707 haye showm thi} static fusimotor fib¥es are not

-
’ . e




selectivq,in their mode of termihatiqn, ending on both nuclear bag

and nuclear chain intrafusal fibres. In addition Brown and Butler

.(1973) emplbyed tetanic stimulation of single fusimotor fibres to
. . . +

deplete intrafusal fibre glycogen and tkereby marg.thefsite-of
" termination.of the fusimotor fibre. These workers demomstrated
~ L
that dynamic fusimotor fibres activated mainly nuclear bag intra-

fusal fibres, while static fusimotor fibres activated mainly nue-_

. lear chain intrafusal fibres. However overlap occurs in that

e &

dynamic and statlic fusimotor fibres may occasionally activate
7}

-

nuclear chain and nuclear bag intrafusals respectively.

) ] o

p—

i

*5. . Role of the Muscle Spindlq; in Spinal Reflex Activity

>

The role of the-musg}e spindle in reflex actions began with

the study of the tendon jerk. This was first described in 1875

R o . .

byigzb and Westphal (c.f. Liddell, 1960); however, it was seyeral
1 y N .

years before it vas_conclustﬁkly_proven to be a reflex, response,

One of. the early attempts to ésgablish the'tendon'jérk as a reflex

pﬁenomenonlwas carried out by Jolly (1911). " He elicited the knee
jerk in the quadriceps muscle of the spinal cat, measured its

centrél latency and suggested that the tepdom jerﬂ was a reflex

, .

mechanism Ldvolving one épinalisypapse. Thia observation was
&£ ) ~
sdpported by EccIes and P tchard (1937). These workers, using
. ] .




-

- dorsal root stimulation, were able to record a ventral root dis-
t

»

charge Gith a short delay and concluded that the reflex ;esponse

was monosynaptic. Similarly after stimulating a dorsal root

-,

Renshaw (1940) found that the earliest ventral root spiﬁe had a

~ . ~ .
svnaptic delay of such short latency (X 1 msec) that it must have

[} ) .
been transmitted through only one synapse. -‘Renshaw studied reflex

responses with the techmique of moﬁosynaptit testing, a method in

*“which the monos\maptic response represents the interaction af vol-
- [

v [

- levs delivered to two muscle nerves. Renshaw's method was adapted
. ' - . ) 3
@ -+ Y . by Lloyd (I943b) whoXound that brief short lasting stretches of
N °

the gastrocnemius tendon of. thé cat elisited a monosynaptic re-

flex response. Thus Lloyd's study f{rmly established the tendon
\ jerk ‘as reflex in nature pnd its mode of transmission as honosy-g

.

naptic. h e

Q

" In addition Lloyd (1949&) demonstrated that group I affer¥nt

fibres in both flexor and extemsor musclés produced a monosynaptic
e

® excitation of motoneutones (homgnym0us) to the muscle from which
b -
the stimulated afferent fibres\a%ose. He concluded further (Lioyd,

- 1946a, b) that a group I afferent inmput fécili;ated motoneurones

. of muscles synergistic (heteronymous) to Qhése whoge affer®nt
> ’ N
fibres had been stimulated and also inhibited the motonelrones of

A
-

their aptagonist. . . : ,~

" Infedally there was .some controversy as to the receptor of

A e Teg
rigin of the temdon jerk reflex. Fulton and Pi-Suiter (1928)

v

+ -




ff\

3

found that when a tendon jerk was elcited in an extensor muséle
> .

of a dececrebrate cat the pre-existing electrical activity of the

muscle was absent during the jerk hut reappeared during muscle

S .
relaxation. Previously Hoffmar (1920) had demonstrated such a

silent period in man during voluntary contraction. Fulton and
Pi-Suer (1928) attributed the tendon jerk and the asssciated si-
lent period to the decr;ase ig discharge from tﬁe stretch affe-
rent end organs during the knee jerk. Thesedworkers linked the
silent period to the‘muscie spindles which they argued were ar- .
ranged in yargllel with the extrafusal:yuscle fibres and™would

be unresponsive during'muscle contraction.

While most workerg held that the scle spindle was the

. treceptor respounsible for the tendon jerk, Denny Brown (1928)

believed that the tendon jerk was medf;tea by the Golgi tendon
' : °
organs. However, the first single fibre record%ngs from mamma-

lian spindie afferents by B. H: C. Matthews g1933).confirmed

Fulton and Pi-Sulter's expianaii;n of the silent period. Matthews
(1933) showed that spiﬂdie discharge decreased during gusqle con-
traction, aé Fulton and Pi=-Sufier had.suégested in their exélana-

tion for the silent period following the tendon jerk.

Originally the role of primary and secondari'spindle endings

. .
0

in the tendon jerk and the tonic stretch reflex was confused. The

ry

<
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wﬁ?gQ.could be elicited by brief short stretches (Liadell and
Sherrington, "1924; ‘Lloyd, 1943b). HowdVer, Matthews' (1933) in-
correct conclusion that spindle primary endings had a relatively
higher threshold to passive stretch than the secondary endings
favoured the latter receptor as the mediator of ihe teﬁdon jerk..
This conclusion was reversed following Lloy@'s monosynaptic
transmission experiments in wbich he calculated the conduction
velocity of afferent fibres eliciting the tendoq jerk to be ap-
proximately 116 m/sec. This finding made the large diameter
affereﬁts of primary endings responsible for the tendon jerk.
7Fina11y Lundberg and Winsbury (1960) found that primafy affe-
rents were selectively excited by a brief muscle stretch (< 100
p) and that such stretches reflexly evokeé intraceliularly re-
‘1xngg§;uwﬁosynaptic excitatory postsynaptic potentials.
Li55211~an§ Sherrington (1924) introduced the term 'stretch
reflex’ to descrisé‘fﬁe\geflex response of a muscle to a prolonged
stretch. The tendon jerk-could be equated with the ph?sic éompo-_
. nent of the stretch reflex, while the tonic component was described
as a response to mafntained muscle :xtension. In the decerebrate
cat both the phasic and tonic components of the stretcif reflex are
thought to depend upon the excitation of thé pr%gaty endings‘of
the spindle by stretching. This conclu;10n~h;s been supported

recently by the use of high frequency vibration as a sélectgée

stimulus of primary endingé (Métthews, 1966; Gilles, Burke and

26
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Lante, 1971). These workers have shown that prolonged vibration,
by selectively stimulating primary endings, can cause a sustained P
reflex contraction. "

The central effects produced by group I1 afferents were ini-

-

tially studied by Lloyd (1946a, b). He showed that group I1I
. strength stimulation of any muscle nerve produced autogenetic ex-
citation of flexor motoneuromes but exerted a weak or barely de-

‘«tectable autogenetic inhibition of extensor motoneurones. Lloyd's

observatio subsequently confirmed By‘prock, Eccles and Rall
(1951) using monosynaptic testing. Hunt (1954) then showed that
practically all group II afferents, at least in the cat triceps

surae, originated in the spindle, presumably from secéndary .

-

, endings. The extensor inhibitory role of secondary afferents
. i N Pd

was supported further by Laporte and Bessou (¢1959) who showed

A SRy

that group 11 fibres, excited by stretching the muscle inhibited
extensor and excited flexor motoneurones following block of group

I fibres from the muscle. Intragellular motoneurone recording
¥ _ .
techniqueg also established an autogenetic inhibitory role for

group II fibres from seéondary endings (Eccles and Lundberg, 1959a).
These workers recorded inhibitory postsynaptic potentials from ex-
*" tensor motoneurones in the cat when muscle nerves were stimulated

with group II stremgth. More recently Cangiano and Lutzemberger

(1972) " found that selective activation of secondary afferents du-

-

ring block of impulses in group I fibres gave rise to an
. .A ‘

-



hyperpolarization of extensor motoneurones.

The seEondéry endings togegher with group I1I endings and .
hiéh threshold joint and skin.afferents w;re.definedfas part ;f a
system of flexor reflex afferents, the FRA systeg (Eccles and Lund-
Qekg, 1959a; Holmqvist, Lundberg snd Oscarsson, 1960). Thus the
sec9ndary spindle afferents were thought to produce facilitation
of ipsilateral flexor muscles and inhibition of ipsilateral exten-
sor muscles regardless of‘the mdscle of orfgin.

v _ In some studies hcwevef, excitation of muscle afferents with

_ stimuli of groﬁp I1 stremgth hés'been shown to cause excitatiom of .
ipsilateral extensor motoneurones.(sccles and Lundberg, 1959a; .
Wilson and Kato, }965) and facilitation of the monosynaptic re-
flex (Holmqvist andiLundp;rg, 1961). Additional evidence for
extensor excitatory effects of group II fibres was provided by
Pacheco and Guzmidn (1969) who demonstrated that grouwp II afferents
excited ipsilaterai extensor motoneurones through a polysynaptic
pathway.

Matthews (1969) and McGrath and ?ttheys (1973) aroused
further controversy conc;;ning the reflex role of ;pindle secon-
dary endinés with the suggeatioq that primary endings db not pro-
vide the sole source of autogenetic excitation elicited by muscie
stretcg. These workers performed experinaﬁts on the cat soleus *

nnscle.which were based on the use of 'natural' stimulation {.e.,

. .
muscle ramp stretch, and vibration rather than electrical




stimulation. They obtained results suggesting that in the decere-

brate preparation, spindle secondary endings from an extensor muscle

contribute excitation to the extensor motoneurones. Such findings

led these workers to conclude that the spindle secondary endings

were responsible, at leas? in part, for the tonic stretch reflex

of the decerebrate cat. .

. -

- :
While the conclusions of Matthews and McGrath formed the
basis of some controversy (Grillne}, 1970, 1972) the results of
their experiments in no way invalidated the previous inhibitory

role assigned to spindle.secondaries, for such endings may have

several pathways to extensor motoneurones, although their precise

.

course through-the central nervous system remains unknown.

6. The Résppnse of Muscle, Spindles to Temperature Changeé

The ability of mammalian muscle spindles to respond to tem- /
L J

perature changes has been known since 1960, when Lippold; Nicholls

and Redfearn demonstrated the 'cold response'. These workers found

that qooling of the relaxed tenuissimus puscle of the cat in vivo

and in vitro caused an afferent discharge, 'cold response' in pre-

viously silent, de-efferentgd sensory en&ings of muscle spindles.
The cold evoked activity had a characterisdif frequency response

curve similar to that of a cold receptor (Hensel and Zotterman,

N




19513; -Afngéﬁt act;vity was generally initiated at 32°C, reached
a maximum frequency ;nd then declined‘wigp'further coo}ing. The
f:é;uency was constant at amy one temperfture and independen¥ of
the ;ooling rate. Lippold and his colleagues attributed tg; 'cold
response' to a direct effect of temperature upon the spindle ending

membrane.
-

*More recently the 'cold response' was described and confirmed
in séindle sensory endings of the soleus muscle of the mouse (Baﬁet
and Séguirt, 1967) and the anterior tibial muscle of the rat (Michal-
ski.and Séguin, '1971). Despite the;e studies little inform;tion is
available concerning the identification of those.sensory fibres
which possessed the 'cold requnée'. Lippold ég al. (1960) ob-
tained the 'cold response’ from spindle afferent fibres.giving
small amplitude spikes, whereas fibres with ;he largest spikes
showed no response to cold. Omn this basis Lippold et al. (1960)
and later Matthews (1964) sqggested that only sensory endings con-
nected to the group II fibres carried the 'col&.response'. An ex-

ception to this conclusion was the ‘observation by Lippold and his

-,

co-workers that other thanm spike height no further differences

30

existed between cold response and non cold response affelemt fibres.

In contrast Eldred, Lindsley and Buchwald (1960) who\identi-

fied muscle sensory endings on the basis of thelir afferent. fidre

conduction velocity, gave evidence that the afferent activity of

both primary and secondary endings of the sFretched gastrocnemius

»




muscle of the cat was decreased during muscle cooling. These

findings may not be comtradictory since Eldred et al. (1960) might

— —

-
have masked the ‘cold response' by their -use of a stretched muscle.

~Nevertheless it would be of interest to have both facets of spindle

response studied simultaneously. In addition the 'cold respomse’

’
?

is an example of dual sensitivity to two different forms of stimuli
and raises the problem of receptor specificity. Whetfler @he“cold
response’ contributes iﬁ any way to thermal reflexes, Sensation or
perception awaits a study of the distribution of the 'cold response'

L}
.

to spindle endints and an, investigation of its central effects..




III. METHODS

1. Preparation: Recording from Single Sensory Afferents
>

L

Experiments were performed in 45 cats (weight range 1800 -
3700 gm) under pentobarbital sodium (Nembutal, Abboit Laboratories)
anaesthesia Z&O mg/Kgm injected intraperitoneally). Spinal seg-
ments L3 Fo 52 were exposed by laminectomy and dorsal and ventrai
roots L6 to S1 on the left side were cut near their entry inte the
cord. The left hip and hindlimb were compietely denervated except
for the muscle under study, the medial gastrocnemius. The medial
gastrocnemius nerve was exposed and freed proximally for 2 to 3 cm
and the muscle was separated as far’as possible from surrouﬁding
st%uctures leaving it attached mainly by 4ts origin, -blood supply
and nerve su?ply. The medial gastrocnemius teudon was dissected

b .

free from the remainder of the triceps:surae but was left attached
to the calcaneum until the initial.musclé length had beep detetr-
mined (as described later). The skin was then closed over the
muscles leaving the tendon exposed.’

The animal ;as fixed.co a'riéid metal frame (SE-4 Canberra-
type spinal inv?stigation unit) by heavy Qetal pins inderted in ¢
the pelvis. The lef; leg was held by steel pins pléced in the

:
tibia at the knee and ankle. Thé

o]

steel pins were then clamped to

the frame. The spinal cord and /limb muscles surrounding the [

-

/
!
) | “
i
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popliteal fossa were covered with wérm paraffin oil in pools made
from skin flaps. Spinal and muscle'oil pool temperatures were

maintained at 37°C by a hea;iné lamp and a heating coil téspec-

tively and were monitored throughout the experiments with thermis-
tors (Yellow Springs Imstrument Co. [YSI, type 421]) connected to
a telethermome§er (YSI, model 46). The animal's body temperature
was maintained at 37°c by means of an electric heating pad placed
Ender the abdomen and controlled by é telethermometer (YSI, model

73A) connected to a rectal themmistor (YSI, type 402),.

.

. 2.  Initial Muscle Length

The initial—length of the muscle was set at the beginning of
the experiment, In ord&r to ensure that the relationship of this
initial muscle length t? its normal range of extension was similar
in"different preparations the following proceduré was employed,
Beforef detaching the medial ;astrocnemius fendon from the calcaneum,
the fogt was fixed so tbat the angle between the plantaq'surface of
the fookr and the anterior border of the tibia was 99°. The length
of th muscle with the leg ig this‘position was taken as the initial
length of the muscle. Hﬁen the angle was reduced to between 53 and
40° the muscle was at ite maximal paysiological length and this rep-

resented a stretch of 12-14 'mm beyond that at the initial 90°

33




position. With the ankle held in the initial position the legvpins.
were fiked to the frame and the tendon connected by ahgégid alumi=-
nun rod to the mecha?ical stretcher., The. tendon was then detached
from the calca;eum along with a chip of that bone. When a spindle
afferent was tested for the.'cola response', the muscle was re-

leased from the, initial position and completely relaxed so that

th® tendon became slack.

3. Application of Stretch

1

In 23 cats the medial gastrocnemius muscle ' was ;ijected to
passive lengtb change; (extension and relaxation) of corstant amp-
litu?e. Muscle extension was accomplished by means of a mechan%;al
stretcher designed and constructed by the Department of Engineering,
Un%yersity of Western Omsario. The stretchér was capable of pro=-
ducing a linear ramp stretch of 2 to 20 mm a; velocities as high
as 140 mm/sec. Transducers were incorporated in the stretcher and

length and tension could be recorded simultaneéusly with the sen-

sory discharge. Except where otherwise indicated the muscle was

streoched 10 mm from its initial length at veYocities of 5 to 70

’

IS

mm/sec,




4. Muscle Cooling

The muscle was cooled‘by meazs 0f a frigistor élaced against

the skin jEser the Qediél gastrocnemius muscle. The frigistor
. i [

thrermoelectric cooling module, .2 x 3", (Dynatech Frigistor Co.) -

was operated from a DC power supp1y~(Dyﬁatech-Frigistor Co.).

-~

< . ~
Thermoelectric coling makes use-of the Peltier effect, thus heat

.

absorption occurs on one surface of the frigistor, while heat is
generated at the other surface. Heat produced on the lattef fri-
gistor surface flowed into a brass heat sink, 6" x 3 1/2" x 1/4", >
through which ice water (approximately SOC)‘;Zs circulated. In

this way a temperature gr;dient was established in the muscle such
that the muscle surface directly over the frigistor wﬁs always colder,
but ne;er less than 15°C, than éﬁf opposite medial surface of the
muscle., The muscle temperature was monitored by means of a CeLther-~
mometer‘(YSI, yodel 421) and a 24 gauge needle thermistor (YSI§ 524),
The needle was placed“between the fascia sepatating the medial and

]

lateral gastrocnemius muscles at a pésitiqn where the muscle was

3 . )
thickest, (approximately 3 to 4 cm from its origin).

b

Muscle cooling curves were consttuquy‘in‘order to study theé

- |
intramugcular temperature changes taking place-ét different muscle po-

-

;
sitions and depths with respecgé;o time (Appendix A). ﬂlthough the rate

of cooling vagied with muscle depth, it was found that muscle coolipg !
was sufficient to allow cooliné of all parts of the muscle to

-
{
- L)
- B <




temperatures less than 24°C. 1t was concluded that the method of

~\

cdoling employed in the preseﬁt study was sufficient to reach all

spindles in the medial gastrocnemius muscle.

- L]

S. Electrical .Recording

-

Muscle spindle sensory activity was recgidéd in vivo using

Ty~ ~

the arrangement illustrated -in Figure 1. Afferent recordingsfwere

»

made from dorsal roots L7 to S1 from'which -fine filaments con-
taining the activity of a single muscle receptor were dissected

out and placed on bipolar silver « silver chloride electrod.s. o

Muscle spindle afferents were identified by the usual criteria:

1. response of the receptor to muscle-4tretch, 2. the presence
of a pause (muscle spindle) or acceleretion (tendon organ) of
dischargg during muscle-contraction induced by a single shock to
the appropriatgcventral r;ot, 3. the conduction velocity‘ih the .
afferent nerve fibre.

Ig measurements-of conduction velocity 0,1 msec stimuli i

ranging from 0,05 - 0.2 volts were applied to the whole medial

o o
gastrocnemius nerve near its insertion into the muscle and the

L - s

latency of the conducted pdtential in the dorsal root filament
was measured. At the end of the experiment the length of nerve
from recording electrode to stimulating electrode was exposed

P
-




FIGURE 1 . . s
< .

Illustrates the experimenta)l arrangement and procedure used to

study the sensory discharge of spindle endings.

A, ‘ Experimental arrangement. Following lmnin‘ectomiv and hip
Hené;cvation the frigistor FR, was placed under the area
of the hindlimb occupied by the medial gastrocnemius 4 :
: muscle°(MG).. The_tn;tggl muscle kengxn (IL) was fixed
by sett}ng the angle between the plantar - 'surface of the
- oot and the anterior border of the&ibia -at 90° * The ‘
‘MG tendon was detached from the calcaneum alo:ng G‘R‘h\
/ ——— chfp~of That bone and attached to a mechanical stretcher
(ST) meams of a rigid aluminum connecting Iink The —
~ .. affer:zc discharge of single spindle endings was rded
‘ from dd*;al root filaments (DR) on bipolar electrqdes.
. The activity was amplified by means of a preamplif1et',
stored on magnetic tape (TP) énd monitored ormr an/oscillo-

scope ( Cﬁ .8 - ) E

B. Experimental procedure. The sensory c‘warac‘teri.stics of
each isclated spipdle afferémt wert studied as follows: 1. ..
fdentification of the afferemt at 37°C by the usual cri-
- ) teria: a') conduction velocity; b) stretch responsivenes; _ .; v
¢) pause during muncl‘e contraction; ° 2 test for the pre-
sence of the 'cold response‘ by cooling the relaxed muscle
from 37 - 20° C; “3. the response.to static sttetch was mea- . -
" sured at 0.5 sec after a ramp stretch of 10 mm from the
initial length. 4. the velocity &esponsiyeness was obtained .
by stretching the muscle 10 mm from the {nitial length at
velocities ranging from %-70 mm/sec; 5. the inncgntaneous' ,
o _‘frequency of discharge was computed; ‘6.' the dynamic index
as illustrated in the inset was calcuiated from the dispMy,
r~. . of 1nstsntaneous frequency. Dynamic fhdex = dynamic res-
ponsé - static response measured 0.5 sec after the end ovf

-~ ~ -~
ramp stretch.
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and measured in situ using a piece of no. 1 surgical suture placed
along the entire nerve 1éngth..

Y R Idencifidation of each musclé spindle afferent was carried
lout while the medial gastrocnemius muscle was maintained at 37°C.
Follgbing this, the spindle ending was tested for the presence of :
a ‘cold response' by cooling the relaxed medial gastrocnemius
muscle-from 37 to 24°C. Sensory activity, amplified by means of

a Grass PS1l preamplifier, #as displayed on a Tektro?}x 502 or 565
oscilloscope and recorded on linagraph paper using a Grass C4 ca-

mera or stored on magnetic, tape (Phillips Analog - 7). A Grass

S& stimulator was -used for nerve stimulatiom.

- 6. . 'Analysis of Sensory Discharge

[}

The frequency of diszharge of .those spindle endings studied
during musdle étreéch wa; determined from a direct display of their
instantaneous f;gqqency. To accomplish this the'sequence bélow was
followed. The‘s;ored action potentials were amplified, gated and '
then used to ériggeg a PDP - i2 Digiqal Computer, A Qogputer pro- -
gram of ins:;ntaneous frequency analysis (Appendix B) encompassed
a frequency range of 10 to ESOHme/sec and was accurate to within

* 5%. The eomguter'ou:put could be displayed as the instantaneous

fréquenéy of discharge of the sensory endings. The voltage of the

- 3




computer output signal varied with the reciprocal of the time inter- :
val between spikes. The output was displgyed bC on one channel of
a 565 Tektromix ;sdilloscope, the varying signal causing a shift in
the DC baseline. The gated spikes were simeltaneously amplified by
a Grass 511 amplifier and the amplified output used to_drive a fek-
tronix wave form generator (type 162). The wave form triggered a
Tektronix pulse generator (type 161) from which a 200 microsecond
pulse was fed in:e the upper beam CRT grid (7 axis modulation).
Thus each aation potential caused a-momentary brightening of a
cathode ray tube spot. The vertical deflec?ion of the spot at
this instantneas proportional to the reciprotal of the time. inter-
val since the preceding action potential, thus giving a direct re-
cord of the frequency of dischatge. A erect oscilloscope display
of the reciprocal of the time 4nterval between successive action
petentials (i.e. instantaneous frequency) is shown in Appendix B.
The. instantaneous frequency measurements were made by photo-
graphing the "dot" disp!ay on Grass Kymograph fihm no. 1 with a

-

Grass C4 camera. The film image was then enldrged by means of a
, _ .

projector and the amplitude of the individual dots measured

against a superimposéd scalegvhich represented the calibration of

the computer ouytput from 10 to 450 imp/sec. The computer program

was calibrated by a wave form generator (Tektronix, Model 116).

-




7. Dynamic Index

The dynamic index (Crowe and Matthews, 1964} of 58 single
sensory endings was calculated by subtracting the static frequency
after ramp stféich from the peak ffeqd%ﬁcf;which occurs during’
ramp stretch. Crowe and Matthews (1964) called the digference .
between ;he frequency of discharge‘just before the énd of the dy:
namic period of stretcﬂing and- that occurring 0.5'sec later, the
dynamic index. The choice b%!O.S sec as a period of measurement
has no pawticular significance and diffeggnt-;%@e; would give
somewhat different results depgwding upon how rapidly the gen-
sory discharge adapts with time. In the present experiments the
differen;e between the peak frequency during¢famp stretch and that

ccurring at the final maintained length 0.5 sec after compietion

t the dynamic phase of stretching was used as a measure of the

dyngmic index of an ending (see Figure 1). The sensory discharge
) ; n ~ . )
occurring during the application of the ramp stretch was termed

the dynamic_ response, while the frequency of discharge 0.5 sec

later was termed the static respomse.

[y

" .

8. Monosynaptic Testing.

The effects of cooling the medial gastrocnemius muscle on

the heteronymous monosynaptic reflex (MSR) from the lateral

t
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gastrocnemius-soleus (LGS) nerve d;re studied in 12 decerebrate and
(3 spin;l cats. The animals were decerebrated bf inter-collicular
section under ether ansesthesia. Following decerebration four

cats were made spinal by f;ansverse s?ctioning of the spinal cord
at the T, level. The method of cord e;posure and temperature
maintenance was similar to.that outlined gbove except that ventral

roots L6 - S, were cut immediately at the dura together with all

1
dorsal roots below the level of S,. Denervation of the left leg

1

and hip included section of the following nerves: femoral, obtura-
tor, caudal femoral cﬁtaneous, caudal cutaneous sural, lateral ’
cutaneous .of the thigh, supe?ior and inferior gluieal, hamstring,
‘lateral popliteal aﬁé'medial popliteal except for its.branches'to
MG muscle. The contralateral hindlimb was demervated by ‘cutting )
the femoral, obturator, sciatic, hip and haﬁstring nerves.

Monosynaptic recordings were begun 3 to 4 hours after the
" cessation of ether anaegthesia. A'single tegt shock was delivered
to tlie central end of the c;t LGS nerve thro&sh bipolar silver -
éilver chloride electrodes. Stimulus intensity ranged from 0.98 -
0.3 volts with 0.1 msec duration and a frequency of 0.5 Hz. The
- test shock was jus; sufficient to elicit a'maximal MSR. Singe
. the amplitude of the reflex respon;e varied to some extent with
each test shﬁék the méan of 20 MSR's was used to plot changes in
the MSR during muscle coolins. The MSR was recorded from ei:heg
L7 or §; vengral raét' amplified with a P511 Grass amplifier,

displiyed on a Tektronix 502 oscilloscope and phofographed with a

52



Grass C4 camera.

In experiments invdlving blécking of the MG nerve during
muscle cooling the nerve was anaesthetized usfng an 0.3% pro-
caine solution.. The solution was prepared by mixing procaine
(20 mg/ml) with Ringer's solution. The solution was maintained
at 37°C and applied to the nerve by means of a piece of filter
paper one cm square. The filter paper was‘soaked in procaine
solution, folded double aﬁd the MG nerve placed in the notch.
MG nerve activity was monitored by recording the compound poten-
tial (elicited by stimulation of the MG merve between the filt;r
paper and the muscle) at a position 1.5 - 2.0 cm proximal to the

filter paper. Recovery of the nerve was. accomplished by bathing

the MG nerve in Ringer soaked filtew paper.

| o
9. Statistical Analysis of Data

Values presented in the text show the mean * standard error
L

of the mean, unless it is otherwise stated. In the statistical
analysee, the Fisher 't'' Test was used to test for di#ferences

between means. A probaBility -of less than 5% due to chance (P <

0.05) was chosen as the¢ ievel of statistical signfficance.
. i o ‘ | e
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v, RESULTS

The experiments have confirmed that cooling of the relaxed

A\

hindlimb muscle in the cat initiate? an afferent discharge, the
'cold regronse'* in previously silept sensory endings oé‘de-
efferented muscle spindles. The main finding was that this 'cold
response' originated in fibres with coenduction veloc;ties_of 20-
65 m/sec, (Group II dary ending range, Hunt, 1954). Two-.
thirds of -the secondary endings studied bec;me active when cqoled
(cold res-ponse seeondary endings). 1}11 of‘thé primary endings and
the remaining secondary emdings (nomn c;Id response secondary end-
ings) were act%va;éd only by stret:h of the muscle. Investigation
of the sensory dfécharge of pfimary, 'cold response’ an& ‘non cold

4
response’ secondary endings was performed by stretching the muscle

a constant amplitude with a variety of velocities of muscle stretch.
The resulte showéd that the three types of sensory ending differed
in the{r response to rate and amplitude of muscle stretch gnd their

_rate of adaptation. The group II endings which did not possess the

'cold response' had stretch responses similar to those classically

*Lippold et al., 1960 introduced the term 'cold response' to de-
) \

scribe the spindle afferent discharge evoked by cooling the relaxed

tenuissimus muscle.

. I
.
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ascribed to secondary endings, first describ;d by Cooper (1959,
1961). The 'cold response' endings displayeé propert;es inte%-
ﬁediate between those of‘the pri@ary and tﬁe 'non cold response'’
§ecoqdary'endings. Selective stimulation of secondary endings
by coq}{ng of the de-efferented muscle combined with monosynap-
tic testing (Lloyd, 1946a, b) provided a method for stuéying the
role of secondary endings in spinal reflex activity. The main )
finding was that in decerebrate and spinal preparatiomns, cooling
of the medial gastrocnemius muscle res%?teé in facilitation of

the heteronymous mgflosynaptic reflex of its synergist, the la-

teral gastrocnemius.

A. In Vivo Response of Spindle Sensory Endings to Cooling in

Relaxed and Stretched Medial Gastrocnemius Muscle in the
- . L oee

Cat.

1. Relaxed Muscle .

The response to muscle coolifig was studied in single affe-
rent. fibres of muscle spindleé. Figure 2~shpws the type of re-
cérding obtained from a single afferent and illustrates the 'cold
respénée': Each spindle afferent was identified by the respomse

oﬁ the muscle receptor to stretch (A), she presence of a pause of

14
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FIGURE 2 . X '

Illustrates the criteria employgg/‘?r identification of -2 muscle
spindle receptor (response to stretch, pause during muscle con-
traction), and the 'cold response'. The records show the activity
in a single afferent fibre (conduction velocity 48 m/sec) from a
muscle spindle secondary ending in the de-efferented medial

gastrocnemius muscle of an anaesthetized cat.
- e

The topeéége of each record represents afferent activity.

The bot line in A and B shows séretch of the muscle.

Temperature of the muscle as indicated:

A. Response of the :jzﬁng during ramp extension (10 mm/sec) and

during maintained—Stretch (10 mm).

- R
B. After a minute of constant stretch, 4 twitch of the muscle
was elicited by electgical stimulation of the ventral root;
this caused a pause in afferent activity, characteristic of

. muscle spindles, ,

s .
‘-
C. In the relaxed muscle maintained at 37°C the receptor was
-~.silent.- .
D. Selectlve cooling of the m;;EIE initiated";m;;ontaneous dis-

charge ('cold response') of the reteptor beginning at 32 52¢c
and reaching a maximum of 12 imp/sec at 32%.

" E. Further/cooling .of the muscle resulted in a gradual dectease
' in the afferent discharge until at ZK:Q the frequency was 7
imp/sec. : '
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dischargé during mgscle contra?:ion (B) and the condﬁction velocity
of the afferent fibre. There was no activity from the spin?lf_end-
ing in the relaxed muscle maintained at 37°¢ ). When it was _
gradually cooled, an afferent discharge, the 'cold }esponse', be- _/
gan at 32.5°C, reached a max&mum activity at 320C (Z) and decreased
with farther cooling (E). Figure 3 illustrates the characterisc;c
changes ‘in the 'cold response'’ during:cooling of the relaxed muscle |
in the'temp;rature range used throughout the experimgnt; (37o -
ZAOC). At 33.8°C the sensory ending began 20 fire abruptly with a
reguigr discharge? The frequency, initi;lly‘S imp/sec, increased
to a Maximum of i2 imp/sec, at 31.5°C and déclined with further )
cooling. At an& one gemp%fature the frequency of impulses was
constant and non adapting.‘ The threshold temperature and cooliné
curves were reproducible eve; with repeéied c;oling"and rewarﬁing
.af the muscle. The gooling curvgg of different s;nsory enéings
however, differed with respect to the‘threshold temperature and

the maximum activity obtained as well as the temperature at which
maximumvactivity'occurred. The mean temperature of initiation of
sensory discharge Egr 30 'cold response’' spindle endings was. 31.7,
S.E.M. £ 0.4°C (ra;ge 27.6 - 35.0°C) and the gaximum frequency
reached 11.8, S.E.M. = 0.6 $up/sec (range 6.3 - IQ.O imp/sec) at
.29.5, S.E.M. % 0.5%¢c (range 23.é - 32.§°C). Thébe:valﬁfs repre-
sent the temperature recorded at the medial surface of the muscle
but are relatiVé to the actual temperatures of the cndinéh within‘

the muscle.

o
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FIGURE 3 ' )

Example of the re}étionship between frequency of discharge of

a spindle ending and temperature during cooling of the relaxed

. de-efferented medial gastrocnemius muscle. ‘Initially silent,
this unit~(conduction velocity-£7 m/sec) became active at

O

33.8°C and decreased its activity with furtﬁer cooling.

s ; d A (SN
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than the dvnamic response of the primarv endings.

-In marked contrast to the primary and CR tvpe endings the
NCR sensary endings showed only a slight increas:> 1n discharge

frequency during the dynamic period of 'stretching., Figure I'l°
® L

.

a
illustrates this point, The dynamic response of the NCR endins
became appreciable only at velocities of -stretching so high that

there was time for onlv a few impulses to be discharged during -
. - . \
the actual stretch. Also higher velocitice of stretching did not

.

y progressively increase the maximum frequency of discharge. 1In

.

fact the sensory discharge rate during-.the application of stretch

hardly exceeded that reached during a wmaintained stretch. Thus

* -

the response characteristics of the NCR ending are-similar to

" those described by Cooper (1959, 1961) for secondary endingé as

. o
. . -
opposed to primary endings.

. ] -
g < : .
2. Comparison of the Dvnamic Indices of Primaty, CR and NCR

Secondary Endings

-
.

) . ) o . .
According to Jansen ®Wnd Matthews (1962a) and Crowe and .

P -
d N

Hatthews (1964) the dynamic component of the response of an

4

. ..
ending to stretching may be -assessed by measuring the decrease

in fre&uency of its discharge that occurs on completion of the

-
- [ 4 -
. v

. dynamic phase of stfetching as desctibed in the methods. The' R -
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Digtributi:oﬁ,of conduction veloctties of afferents from 162
qiu;clg spindle sensory et‘\ding.s o‘f the medial g;strc;cnemius
muscle in 40 cats.. Only fibres im the coéxduct-io:n veloc'ity.
~ra”n§e "cuf 20-65 qn/sec res'pom.ied to mus;le cooLing'(shaded’atea).
. Th‘ésé endings, classified as sgcindary end'ﬁ.gs, (unt, 1954) ¢
: : . : Py

represénted 35% of all the endirgs studied and 65% of the

ﬁton’d./r:ies .
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(hereafter referred to as NCR gndings). The mean conduction velo-

cities of the 76 primary, 56 CR and 30 NCR end.i.ngs\of Figure 4 'were
)- - 1

82.8, S.E.M. & 2.9; 45.2, S.E.M. £ 1.3; .and 48.8, S.E.M. £ 2.3

m/sec respectively. . The mean conduction velocity of the 56 CR

secondary endings was not significantly differeant Jfrom that of

the 30 NCR secondary endings; however, further differences be-

tween these two types of ending were found in the subsequent

analysis of their respouse to stretch.

L]

: /
3. Response of Muscle Semsory Endings to Cooling im Stretched

S

Muscle

Eldred et al., (1960) fomd/f:hat the affe*t activity of

both primary and secondary endings of the stretched gastrocnemius -
m\;;scle‘ of the cat was de¢reased during muscle cooling. This
finding seems contradictory to the above finding (and that of
Lip'pold et al., 1960) of the response of secondary endings é-‘o
m':gcle cooling. An explanation for this apparently cqnfl.iéeing |

view was found in the present investigation, when the effect of

s

dluscle 'cooling on muscle receptors was investigated in relaxed ¢_*"
and a_tretcfned muscle. Generally in muscle stretched 8-12 mm, \

cooling caused a decrease in‘t\iischarg; of all the -:ucle receptor ' o !
endings; primary, CR and NCR ucouda'ry and Golgi tendon organs. . %

Fa
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-

a. CR Secondary BEandings

-

Du{ing‘moderate stretch of fhe muscle, 4 mm, a steady dis-
charge of the 'cold response' endings occurred which increased
with cooling in a manner similar to the response seemn in the

N

relaxed muscle. With stretches:of 8 to 12 mm hdwever, cooiing
produced an almost consistent decrease in discharge. Because
of variations in the thresheld teperature for the 'cold res- -
ponse' 1; was not possible to comstruct curves showing the mean
re;ponse'of several ®ndings but Figure 5 illustrates the rela- -
tionship between the discharg;.and muscle temperature for a,

typzcal single CR ending with the muscle relaxed and then/maxn-

talned at 4, 8 and 12 mn from the initial length. During muscle

,stretch the sensory activity was monitored for four mindtes prior - 't
g

-

to muscle cooling to ensure that<:ve receptor ending he ‘aftained
a steady rate of dischargf;__Ihe 'cold response' began/in the =~

gelaxed muscle at 31.5° C with an initial frequency of/9 1mp/sec,

reached a maximum of 11.5 imp/sec at 27.6° C and then/decreased

to 9 imp/sec at 264°c. A maintained 4 mm stretch of /the muscle

i

produced a steady discharge of 11 Imp/sec at 36.5°C J, lgubseduent

cooling caused a gradual increase in frequency to & gaximum of .
: "
15 imp/sec at 31%. Altbldgﬂ:the temperature res?gnse curve was

similar to the 'previous oné, the frequency for an& given tempe- ) \

rature was higher. With an®8 mm stretch the senaorY'discharge N




&

FIGURE 5

\

Shows changés in the response of a single 'cold response' secon-

EY

.dary ending (afﬁerent_conductionlve;oéiﬁy 38 m/sec) to cooling
during maintained stretch at the lengths indicated. During a
slight stretch of the muscle (& mms the 'cold response' .was

still réﬁdtly apparent, but now began at a higher tempernature
and had a higher maximum frequency of discharge. With furthes

stretch, up to 12 mm, the characteristic 'cold response' was

)

no longer'apparent and the sensory discharge simply declined

with decrease in temperature,

L]
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was 20 imp/sec at 36°¢. Initiglly the rate gradually decreased

during myscle cooling, remainéh constant between 33 - 30°c but

decreased with .further cooling, so that at 24°C it had fallen

to 30% of the inigiél discharge rate. Strefching the muscle 12

wm e;zoked a steady discharge of 28 imp/sec (3§>\.5°C) ‘which de- 3
. clined to 16 imp/scc at 24°C (43%).

Thus slightly stretching the muscle 4 mm resulted in an
d
increase_ in frequency and decrease in.threshold of the ‘'cold
. .
response’ discharge. However cooling with the muscle under

"« further stretch (8 mm, 12 mm)*'masked’ the 'cold response'

.

«o(see also Figure 16) and g depressant_effe(_:t such as that re-

- -

. ported By Eldred et aly, (1960) became.evident. Presumably the

'cold response’ from secondary endings could have been masked
. T .. A
in the experiments of Eldred and his co-workers, as the spindles,

- ' :

under ‘stretch, wege already firing at nomal body temperature.

\ < - ,

»

b. NC‘fl:' Secondary Endin;_g‘

-

- ' ' . .
' Muscle receptors which did not have a ‘cold respomse' rés-

ponded to stretch and during a maintained stretch gave a steady' '

discharge which decreased dur'ing muscle cooling. The sensory )
discharge _for all receptors was monitored for four minutes "be- . .

fore muscle cooling was initiated in order to ensure a constant

- . . .




\

-

. . i
control frequency. Figure 6 shows the effect of muscle cooling .
. L4 .

. L) -

on the mean discharge o. three NCR secondary endings. The endings

o ) o , ) ]
rerained silent during cooling of the relaxed muscle; however the
steady sensory‘discharge elicited by maintained muscle stretch of

4, 8 or 1? rm was decreased during muscle cooling. Tge discharge
slowing rangéd from a féw tmpulses per second at 4 mm stietch for
a temperature decrease of 10°C to a mean of 22 imp/sec at 12 mm
‘str;tph for a similar temperature change. The curves relating
frequency to temperature show a more prominent decrease in dis-
charge, when the muscle is stretched to greater lengths from the

resting position. At 4 mm of stretch the mean rate of discharge

~dvopped by 37% from the pre-cooling level over the temperature

’
A

;ange of 36.5 - 26°C. At the greater lengths of stretch (8 and }
12 mm) the mean ;requency decreased to 49% and 50% of the initial
valug respectively cver the 1090 change; In addition the depres-
~ sant effeqF of m;scle cooling.on the stretch bvoked sénsory dis- .
charge was not linear. At each length 6% stretch thé frequency
detlined more rapidly dugiqg'céoling from 36.5 - 32°C than during
Coolinz-frcm_3i - 26°C. The senso%y discharge at 32°%C with 4, &

and 12 mn stretch had fallen to 80, 70 and 647 of irs total de-
o ’

creasé from 36.5 to'26°C.

. N

S9

-




FIGURE 6

The eﬁﬁeco of muscle cooling an the stretch'e?oked mean g%nsory
discharge of three NCR_§econdari endings. 'The NCR endings re-

mained silent during cooling of the relaied muscle; , howcég;,
the ‘steady sensory discharge'élicited'by maintained stretch of
the muscle at 4, 8, 12 mm decreased during muscle coéling.

L]
Conduction velocities &f the endings were 28, 33, 41 m/sec.
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c. ?rimary Endings -~ ‘ =

- Y
Figure 7 illustrates mean changes infthé frequency of five
primary’endings during cooling-of the medial gastrocnemius muscle
-3 . . .

P . -
maintained at different dncrements of stretch from the resting

leﬁgth. Cooling of the relaxed*muscle'did not initiage a sen-
sory dischérge; however, the s;ead;’firing evoked by maintained
muscie stretch was slowed with cooling. The decreage in dis-
charge of egch primary e?diﬁg was more prominent during cooling

‘ ' N =
with the muscle maintained at greater lengths. The mean dis-

charge of the five endings.under 4 mm stresch fell 417 from the

> o *

‘mean initial frequency at 36.5°C over the 36,59C to 25°C cooling

range and 49 and 52%.with the muscle stretcheg & and 12 mm res-

pectiveéé. With moderate stretch, 4 mm, the decrease\}n mean

- s

frequency was linear during muscle cooling. At greater lengths,
) N :

"8 and 12 mm, the frequency declined rapidly with cooling to 32°%

L

and more gradually with furthér cooling.”.The mean sSensory dis- "2

charge had fallen to 58 and 50% at 32°C of its. total decrease

Yrom 36.5 to 25°C for 8 4nd 12 mm respectively.
- ) y ) » -
.'. *

d. _Golgi Téndon Orgamns . 4 =

-
.

The effect of temperature on the sensory discharge of'Golgi

g -
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* FIGURE 7
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The effect of musclé cooliﬁg”on the stretch evoked sgensory.

discharge of pfﬁmary endings. The.mean values of:S primary

endings are plotted over the cooling temperature range 36.5
° - »

- ZS?C. The primary endings remained silent dgrin§ cooling

LS
~ ' N

of the relaxed muscle; howevef, the steady sensory discharge
. . . )

elicited by maintainhed §t:gtch'(4, 8, 12 mn) was decreased
N . ’j .

»

during muscle cooling. Conduction velocities of the recep-

-

tor afferents were 82, 90, 93, 98 and 104 m/sec. .

L&
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endon organs was also examined. This was thought te be of some

kil <

Q T, unportance, s!ace the tendon organ alsa responds to muscle stretch
Presumably cooling woald act dlrectly on the C—oigl tendon recéptor

.

ending or ﬁﬁlrectly on the muscle. It was“hoped that these re-
e sults would provid‘e some idea of how Enuch of the Sh:ange in spindle
reswnse during cooking alone oy coohng with E etch could be

) . attributed to a dlrect effect of low! temperature on thc sensory °
Te—e . . -
. d eending itself and how much tould be aﬁ{ributed to other factaqrs.

* - Golgi tendon organs remaj silent during cooling of the relaxed ° T
1 ' ,‘ N ' . - ¢ -
v ~ muscle; however, Cthe steady s ry discharge elicited by muscle- ° '

1 ' stretch Qas_ldecreased during muscle cooling. Figure 8 illustrates -

v

- . " .

. the behaviour of two afferent units, i.‘dent;fie& as.G'o.lgi tet'\rdon
\ - ‘ organs, lwhén ;h-e fuscle was gradually cooled.. Since ten-cion' organs a )

. .have a higher thrésh:id to stretch than{musclgsplndles, (‘Matthews,
’ D/ 1933 Bunt and Kuffler-, 1951; Jansen and Rudjord, 1964) it was

. ‘w . s,
s . necessagy ‘to stretth the muscle to greater lengths from its ini-
g . . - - . J
: o . .

- < tial length to elicit a s.teady discharge, The rite of\discharge
. . of reét:r A dropped 59% from the initial frequéncy at 3’6.5°$, .

. . during ¢
. N : -t b . . . . - .
b S .(B). slowed in discharge during cooling from. 28 imp/sec at 36.5 to

ling of the mus;le‘ to 25°C. The second tendon receptor.

(Y
\ - . Do

A . N
>« ¢ 17.% imp/sec at* 25°c,' .a declite to 637 from the pre-cooling riz.
Ty

L . ~These fatés of decrease aré similar to those describeéd for pr
.- ’ and sgcondary endings and sugges! 'that musc;e cooling has similar

k * - -
‘ ‘effect® upon the, s-tretch e\zoked sensory respouse of both spi.ndl,es




: - R v g .
FIGURE & ; .. -
R

"l‘l:m cffect of~ m:xscle.coolit:g; on the sgr‘etc'h cvoked sersory . T
disch:;rge of two diffcrent Golgi ten;ion organs, with‘gffe—

ren._t conduction Yelocities of :A.- 9-1 m/sec; B = 87 m/sec.

They t_'enair}ed silent. during cooling of t‘he 'relax.ed muscle but

the :.;t:eady frequeé;xc'y elicited by‘ r:uscle strctcﬂh of 12 mmowas . C .

dectecased by cooling. 1Inserts show the ‘acceleration in res- . ¢

. ponse of each upit:during nuscle twultch confimiué that they

- .. . ( N -

were tenden organs. : . . s -
o

3 . ,
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and téndon organs. 3 .
.

It is obvious from the examples of Figures 5, 6, 7 and §

N

* '
. that temperature has a similar effect uppn the stretch evoked sen-

L
bRl RN

,- sory discharge‘¥f primary, CR, NCR ;%dings'and Golgi tendeog organs. ;j
A\

The findings imply that muscle cooling has the same depressant s
b - .
A - * -
effect upon the stretch evoked sensory discharge of both primarv

. and NCR endings. It mayv further be seen that CR endings behave

in & similar manner, if ‘the mugcle ig sufficientdy stretched (/] '
N . . - «
8 mm) during muscle ¢ooling. . . )

” L.
- © ‘
B. Comparison of Discharge Characteristics gt the Primary, .
« , \ .
L N CR’Secondary and NCR Secondary Endings at Normal Body

Temperature. IR ' P
5 v . ’ . "

*
~ . ] ® -~

L, Effects of Linear Stretch on Spiﬁdle Ending Discharge

v ¢ .
v

- -

. . &

. ‘ The above results havgf shown that cooling the relaxed me-
| - i o -

. ' dial gastrocnemius muscle 9auSed a 'cold response' only in some

‘. secondary endings of muscle spindles. ?urther‘differences between |
.\ * . . ' - Py
/ - .
these CR secondary qﬁdings and the primary and NCR endings were
estigation of the rfsponses of the three types of

. ' found in an inv
' CL. spindle ending to muscle stretch. . ) : o L

. *’.
-

. f— It is well known that the afferent discharge from a musc le | .
& : ' : ' ' )

, _ . ‘e




- . )
spindle, evoked by stvﬁing the mus})e containing it, consists

'o§ two parts, a-‘static respomse', related to the amount of ex-

tension and a 'dymamic response’', related to the rate of extension
(Matthews, .1933). These responsas to muscle stretch were studied
in 58 afferent fibres (21 from primary, 26 from CR, 11 from® NCR

en'cgiingsA)A. The muscle was stretched a distance of 10, sm from the
. 'Y - ) - o

*
initial length with velocities of 5 mm/sec to 70 mm/sec. It was
found that the primary and CR endings were sensitive to the dyna-
mic and static stimulus -of muscle stretch, while the NCR endings

were mainly sensitive to the static component of muscle stretch.,

-
. B3

e

e ' An example 6T me—imeé of two

-

primary endings is shown in Figure 9. The primary ending in A

had a .large dynamic response at all rates of stretch. The fre-

Yuency of discharge of the dynamic ‘Component increased’progres- .

sively with .increases in stretch velocities up to“60 mm/sec.

" There was an abrupt fall. in the fréquenc} on canpietion of the.
dyﬁamic period of stretching,’ the c'iecay i:n discﬁarge frequency
being more promi..ne_nt5 ;t the higher vgloci_.ties of stretching.

C The static discharge .of th.e endingés inde.pendent of the velo-
' glty ,of.,ét;‘etch.' Al.t.hough the majority of the -primary endings -
studie;:l behavgd in this way, three of the\primdr& end'i.ngg.in the - \
¢t . present study resembled unit B of Figure' 9 in their response

!, pattem] As ill‘us'tretéci tﬁe\discharge of the ending increased

slowly during scre/tyh and fell gradually to a statig level at all )
. . ) ' B

-
. ‘e

~




FIGURE 9

N)

Records illustrating thé afferent response of two primary

sendings to a 10 mm stretch of the medlal gastpgcnemius muscle
- !

from its initial lemgth at’ velocities of 10 to 60 mm/sec.

Each spot represents an action potential, and its height

. ~ -

above zero is the®reciprocal of the time interval since the
preceding ac;ibq potential, i.e. the instantaneous frequency

of discharge. The bottom lime indicates changes‘ih’the length

of the muscle. o _
.. : .
The majority of primary eggings showed respdnses similar to
those showr in A; that is, a rapidl; rising dynamic compo-
. \\négé and rapid adaptation dur maintained stretch{ ’

s\

L3 \‘ -
\xhree primary endings €4%) showed respongab‘similar to B;

that is, a comparatively slow rising dynamic phase and slow

adaptation during maintained stretch.

\ )
€onduction velogity of the afferents: A - 90 m/sec; B -

104 m/sec; muscle témbératune 37%.
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J
velocities of stretch. )
- Y — - -
e
c ndings were“also sensitive to -the & ic
1The CR se onda:¥~g\“ 8 4//& sens yaan

stimulus of muscle stretch. This is i@ustrated in Figure 10 _,

which shows the behaviour of two CR secondary endings tested in

the samé'way as the primary endings. Part B of Figure 10 de-
nonstrates the responsé of a typical CR secondaéy ending. The

response was similar to tha;_of the primary endings; the Xe-
L &

‘b\u\-__"
quency of discharge of the CR ending 1ncreased p%ogyﬁ%%ivety as
- BESAE
the rate of stretch increased and its stath ‘reésponse was inde-
Ea

pendent of the velocity of stretch. At the end of the dynamxc

phase of stretching a gradual decline in disahgggedgrequeécy was

evident, whereas a more abrupt decline occ%fred in the frequency °

4 ' ’ ~ .
of the primary ending.. Thegmajority of CR. secondalies possessed

the typical patterm of Figure 10B; however an occasional CR se-
. § I '
¢ondary discharge pattetn was found to regemble that of the pri-

_mary afferents. Examination of this afferest discharge pattemrn
during muigle stretch showed that the fall in frequency oceurred
1 ] '

.ab}uptly a‘ the end of ‘the dynamic phase of stfetching. This

) atypical pdtte}n is illustrated in Figure 10A. Such responses .

’ ‘ ’ . .
were seen in only two CR secondaries (8%) but they are of some

Lnterest becausé of their similafity/zo the typical ‘primary

’4. v

dischargg.’ Thus - the CR.éecohdary ending is appreciahly sensi-¢

tive to the VelOCi!}" componenc o‘f-muscle scretch; however the

. 4 n\i ‘ . *
dyna@ic'responsef@vode,during'the applichtion of stretch is less

-

N . . >

L

.
L]

N Y
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Response of two CR-secondary cndxngs to stre;ﬁh Pardmeters

-
= -

T
of " stratch: ana.method of recordlng as inafiﬁure 9. The dynamic
. phase of the response in doth A’and«é”was qualitatively similar,

.but slightly less (quantibafi§9{§ \han that of the primary
/endigg;i There was ?Kd§;amic reshonse which increased in :mpli-
’ ‘tude wfth'iﬂc;;asefln velocity of stﬁétch. As illugcgaféd'in .
. ' é, usually th; Exéponsé.fcll gratdually at_;hé end oé ramp stretch. )

)

. L. v . ‘
In some endiqéé'(ﬂ¥ the response was similar to that of the pri-

".¢; ' mar}—eaélng, in that, at tEe end ¢of ramp stretch,,the frequency *
,{ .

i ) v
N4 fg}i abruptly. ' :
[} N . -
4 . ¢
[N an
[ ] . . o .
Conduction velocity of the afferents: A - 40 m/sec; 'B - 48 .
. . by . . ol 9 ’ * . —-—T
‘ m/sec; muscle temperature.37°C. . '
. ‘. - - - ‘ L/
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>
than the dvnamic responsec of the pihnary enéings.
-In marked contrast to the primary and éR type endings the
- NCR sensary endings showed only a slight increas: in discharge

' frequency during the dymamic period of 'stretching. Figure TL G

) a
illustrates this point, The dynamic response of the NCR ending
became appreciable only at velocities.of stretching so high that

there was time for only‘a few impulses to be discharged during

>+ y progressively increase the maximum frequency of discharge. In

.

hardly exceeded that reached during a maintained stretch. Thus

[ -

the response characteristics of the NCR ending are similar to

"those described by Cooper (1959, 1961) for secondary endingé as

opposed to primary endings. @
R S ' ‘
- . ! ’ . . ’ ’ - ' '
2. Comparison ot the Dynamic Indices of Primafy, CR and NCR

Secondary Endings

- -

N L3

According to Jansen Wnd ﬁatthews (1962a3) and Crowe and

e

. - \
Matthews (1964) the dynamic component of the response of an '’
.ending to stretching may be -assessed by measuring the decreasg

in fre&uency of its discharge that occurs on completion of the

"1

.
~ - -

. dynamic phase of sthetching as desciibed in the methods. The' -

Y

N . the actual stretch. Also higher velocitive of stretching did not

. fact the sensory discharge rate during.the application of stretch
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FIGURE 11 ' - .
* < . .
Illustrates the respomse of an NCR secendary eudling tg. stretch.

. €

.Parameters of stretch and' recording method as in Figure 9. The .

discharge during thé stretch was much smaller than that of the
. .

A .
-

< .
primary and CR endings even at high stretch velocities and
¢

.

hardly ‘exceeded that occurring during mainta}ned stretch

(static component).

.-
-
[ 4
S

———

temperature 37°6¢.

. \ .
Conduction velocity: 55 m/sec: muscle

J
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dvnamic index provides a convenient measure of the velocityv res-

<
L
ponsiveness of an ending over and ‘above its responsiveness to a

s Co. )
maintained stretch of the muscle. 1In the present experiments, the

-
5

difference between the peak frequency-during ramp stretch and that

N v
occurring at the final fength 0.5 sec after completion of the dy-

‘

-namlc phase of stretching was used as a measure of the dymamic
P> : - 7

Index of an ending. - ; -
+ - 1 ’

Ll

The main finding from,K 26 experiments was' that the dynamic
; Ln . LI N
. indices af prigary\endfngs (afferent with conduction velocitiés ~

LY ¢

: 72 m/sec) were generally greater at all velocities of stretch

than those with endinge with lgger afferent conductioen veloci-

ties (<.]2 m/seé).. This is illustrated ina¥igure 12 which shows
. R ) - T ’ ’
the mean dynamic index of 21 primary, 26 CR secondary and 11 8CR

"L secdndary~endinés at éuccci’ively incredsing velodittes-of stretch.

.
L N

For the primar§ and CR secondary cndidés, ncreasing the velocity
]

bf_stretch incregsed the meary dynamic indi ,ﬁ! but at any given
. . . b _ .
velgc;ty the meag dynamic index was always consistently greater

Y N . .
. for the prihary endings than for the CR seconary endings. 1In
. E '

contrast, the mean dynamic index of the NCR sé@bndarylendingé was
- g ¢ T

only slightly fncreased with incregsing velocities of stretch.

3

For eagh stretch vélocity thaere wa: a significant difference (t

N ¢

. .‘.
test) betweén the dynamic indices of the primary “and CR secordary
, . . . Y .
endings (P < o.oi?‘ihd between the pfiﬁ@r§'and NCR secondéry end-
o

"ings (p < 0.01). similarly the dynamic.ihdiqeg_gﬂ the CR







‘1

’Verfical lines represea&\?he etendard error of the mean.

ve
[ ]

e : .
FIGURE 12 N /

Comparison of the mean dynamic dindex of 21 prhnary (A),, 26 CR
secondary (B) and 11 NCR secondary (C) endings subjected to
various velocities_ of stretch (10-70 mm/sec) and a cons;eqt
eeﬁlitude (10mm}, The mean dynamic indices of the CR secon-

dary endings oc¢upied a range of values intermediate between

those of the primary and NCR endings. ‘The dynamjc indices

. for the CR secondary endings were significantly less (P <

.0.01) than the primary and greaier'(P < 0.01) than the NCR

—

endings for any velocity of stretch. » Muscle temperature

36 - 37°C. i ' K
’ Y

-~

.
.

.
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secondaries were significantly different (P < 0.01) from those
. R
of the NCR.secondaries at all velocities of stretch.

3. Static Responses of Muscle Spindle Endings

It has been shown above that the dynamic index of a spindle
ending (measumed by subtracting the response 0.5 sec after the

end of ramp stretch, static respomse, from the dynamic response)

-

_increased progressively as the velocity of stretch was increased.

It might be suggested that the increase in dynamic index, assessed
by this means, resulted from differences in magnitude of the stgtici
responée rather than an increase in the dynamic respomse. It was

e . ’ - .
found however, that the static response of an ending remained con-

/stant for different velocities of stretch and was thereforé inde-

pendent of the velocity of stretch. This is illustrated in Figure
13 which shows scatter diagrams of the static response at two .
different velocities of stretch of the 58 semsory endings illus-

trated previously in Figure 12, Each point represents the static

' fréqueney of an ending wmeasured 0.5 sec after the coigletion of

stretéﬁhind plottééiagainst its iffereﬂt fidbre cbnqpction velo-

-~ —

/ :
city. There is no‘differéétg~petween the corresponding points in

' the gcatter diagram of 13A -~ 20 wm/séc and 13B - 40 mn/gec. Similar

- ~
_results were obtained for the other velocities of stretch enployed

-



o

FIGURE 13

-

Scatter diagramg relating the static tesﬁbnse of the 58 semsory
endings of Figqre 12 to the conduction velocities of their af-
ferent fibres and the/velocity:of stretch. The static respomse

was the fréqhency of discharge at the final extemsion and mea-

sured 0.5 sec after completion of stretch as used in calculation-

of the dynamic index. The velocities of stretching éte,as in-
dicated. These diagrams sbow that the static response is inde-
pendent of the velocity of stretch for all endings and the

conduction velocity of the afferents of primaxies and.CR secon-

daries. It also shows that the mean static response of these

‘two types of ending were significantly greater (P < 0.01) than

those of the NCR_;econdaries. 21 primary @ ;' 26 CR secondary

QO; 11 NCR.secondary @ . .
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-

- in the present study. Thus. the increase in .dynamic index (as shown

¢

Figure 12) yith- increasing velocities of stretch resulted from

e
o

increase uy the dynamic response rather than a change-in the

RS -

static resy«(se of the spindle ending. ‘ -

As ;hom in Figure 13, the static z;espouses of the primary
.and CR secondary endings overlapped consi‘de'tably, while those of
NCR s.econdary‘ex\dings‘were in the lower part of the response range.
The 21 i:rim'ary and 26 CR secondary endings.had mean static respon-
s "' ses oé 49,3, S.EM. % 2.9 ﬁn_p/sec‘and 49.8, S.E.ﬁ. + 3.9 imp/sec
-respe;:tively.‘ The 11 NCR endings had a mean static response .‘gf hd
25,2, S'.E.)"l. %+ 2.5 imp/sec. 'The m‘éan static responses of the}p'ri- . -
mary and CR second#ry endings were t]he 8 and both were si-gnifi-
cantly greater (¢ < 0.01:) than the mean stafic responses of the.

-

NCR endings.

*

—

If the CR and NCR seconciary endings are considered as a ai;xgle
group,’ the mean static response of the 37 secondary endings_was 42.3

'1-‘ 2.8 imp/seq. r In this case the mean static résponse of all secon-

o dAry endings was‘less than that of the primary endingg but the dif-
feregce was not statistically significant (P > 0.05) These findings

imply that secoudary endinss as a single population measure muacle

" length (0.5 sec after end of ramp stretch) as well as prhnry end-

- ings measure mcle ‘lcngth. ’ )

. S' .
Lo
. L,
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4, Adaptation of Muscle Spindle Sensory pischarge

- L]

- - ' The sensot? discharge of a muscle spindle is known to adapt

. fjfrom the peak v lue at the end of dynamic stretch to a comstant
level, when syretch is maintained (Matthews, 1933). The finding

that the frequency of discharge of an NOR secondary ending-hring
)
. muscle stretch hardly exceeded tite discharge rate at«rfhe main-

- tained length, suggested that these endiugs adap; quickly*to a

. , new muscle length. A eomparison of the rates’ of adaptation of

7 -
the three types of spindle ending -showed that the NCR secondaries

had the greatest rate of adaptation, reaching a steady semsory

'_ discharge before either prinary oxvtR secondary endings.: To de-
) ”~e
termine the amotmt of adagtati‘ﬁ of the sensory ending the gecli'ne

in impulse frequency from the peak value to that value one second
later was taken as an imoek of the adaptive change of the response.
. The time course of the decay of the discharge wvas studied by mea=

’ I . ; : . .
o suring the decrease in discharge frequency at successive time in-

< / . ‘)
tervals (0.25,-0.50, O. 75 1.0 sec) fm peak- frequency at the and‘* -

£ ‘ of ramp stretch which was taken as zerc.time, The decrease in dib-
charge frequency at each time interval was expnssed as 8 per cent
- .
. , of t'ﬁe pcnk frequency" which was taken -as 100%. ‘

i

The mean values of adqptation of 10 primary, 10 CR and‘.s NéR . :
secondary endings at three different velocities of stre:ch are /

ill.ustra:ed in Pigure 14, I’igure I4 shows that for eﬁch :ype of

Ce




R

- N ®

FIGURE 14’ . . ' '

Illustrates thé ceurse of adapfation for the three types of

em&ings at -36%¢. The ‘-mean values 'ca,lculated from 10 primary,

19- CR 'secondary and 5 NCR secondary endi..ngs are plotted at *
three different veilo::ities of'sti'et;':.h~ 10, 30 and 50 mmn/sec

with a stretch amplitude of- 10 mm. - For each velocity.of

Stretch the sensory discharge of each unit was mg_aéufed:af
successive time intervals (.25, .50, .75, 1.00 sec) from the -
peak fret'guency during ramp strétcb,_(O) time. Colummn heights -
represent mean freq;xmc; of diacl;arge at thg réspieétiye time
intervals expressed as a per cent of the peak frequemcy (0 g
time) which represents 100%. The NCR endings have the grea-.

L] . .
test rate of adaptation reaching a steady semnsory discharge

within 0.5 sec with most’ velocities of stretch, ‘ . A (-\‘

e * . ' .
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unit, for a given amplitude of_;tretch (10 mm) adapta:gcu“VQrie&
with the velocity of muscle length change.- With slow stretches
the adaptive fall in the response was slow; as the velocity of %
stretching increased, the rate of adaptation increased. As shown
i A

in Figure 14 the NCR endings;a§apted to a conscant'v:iue of 63%

of their pea1'< level withir 0.75 sec at 10 mm/sec stretch velocity,
567 within 0.5 sec at 30 mm/sec and 48% within 0.50 sec at 50 mm/
sec. The sensory response of primary and CR secondary endings e
continued tq decline from the initial i:eak value throughout the

one second timé inteﬁal. The NCR endings approac.hed a regular

static discharge more rapidly than either the primary of CR end-
- ings. Indeed at th:e higher velocities of-stretch t':he NCR static
discharge genérally reached-a constant frequency within 0.5 sec
after peal; frequency. Thus the NCR ending is discharging ;t a.

steady rate appropriate to the new level of extension before

adaptation in primary and CR secondéry endings is complete.

~

C. . .§§fects df&us_@e"(}goling_on the Response of the Muscle

Spindles -to Stretch.

1. Changes in Dynemic gnd Static i!esponse- of Spindle Endings

During Cooling
Ty

Other aspects of the effect of muscle ’;ooling on spindle




[} ™~

éischarge were examined alsc as outlined below. It was thought
that the results might help elucidate the origin of the 'cold
response'. In order to illustrate changes in dynamic and static

frequency during muscle cooling, the peak frequency during ramp

-

stretch, which is the dynamic response, and that occurring 0.5
sec later, the static response, were compared at 36, 32, 28, and
2A°C._ In Figure 15 thg_mean dynamic 4nd static responses of 11
.primary, 10 CR and 5 NCR 'secondary e;xdings are exfressed as a
per éent of the respective mean values at 36°C, the latter beiné
taken as 100%. The dynamic response of primary and CR secondary
‘endings, Figure 15A and B, decreased at all s;retch velocities
during muscle ég;ling.< In contrast the ﬁCR dyna@i; response
decreased at some velocities of stretch (20 mm/sec) and remained
constant at other velacities klO mm/sec). €ooling (36 - 24°%¢)
dec;eased the.mgan dynamic response of primary endings at all
stretch velocities, but this decre;se was statistically signi;

ficant (P < 0.05) only for a velocity of 10 mm/sec at 24°c1 In

contrast the mean dynamic responsé of. the CR secondaries was

significaﬁtly less (P <'0.Q5) at 24 than at 36°C at all veloci- .

ties of stretch. The NCR secondary endings resembied the pri-

mary endinggf that is, decreases in temperéture of 36 to 24°C

v e o '
produged small decreases of the mean dynamic response and these
. . L "

were not statistically significant at any stretch velocity.

For all thrqe types of endings the static fésﬁsase
by .

oo

89




FIGURE 15
&=

2

Comparison of the relation between muscle temperature and the
. - . -

dynamic and static respomse of spindle discharge during muscle

stretch. The mean dyném:l.c response of 11 primry,’ 10 CR se-

condary and 5 NCR secondary endings is represented in the [

' light hiétograms of p;rt A, B and C'respecttvely,' for five .
velocit?ies of ?retch (10, 20, 30, 40 a::d_SO mm/sec) at four
temperatures ’(3;6, 32, 28 and 24°¢). The mhscle temperatura‘_‘;
are indicated on the bottom absci;sae. The ‘shaded histograms
" represent the mean static response of the cc;trespt;nding sen-
sory endings. The mean dynsmic an:} stavic responses are
enéressed as a per cent of the dea;'va}ues at 36°(i which was
100%. For the thge: types of ‘ending thé static rgspoﬁsg vasg

consistently decreased to a greater extent by cooiing than

the ciym:l.c response.
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¢
consistently decreased to a greatet extent thpn ci;e tespective

_dynamic respo&e. At 24°% the mean etatic \response of the pric

° mary, CR and NCR secondary endings declined to 57%, 65% and 66%
respectively, vﬁile the d,y.nanic component of the three types of

. ° sensory endiné generally decreased to only 80% of the initial
- b . - s : R
vaiue. For the primary endings gn'd TR endings there was a sta-

S e
<
tistically s-i,gnificant difference between the mean sr,at:lc res-

ponse at 3ﬁ C and that at 24,C (P < 0.05) but there we no sig-

nificant d:l..fference in static Tresponse :of the NCR secondaries ‘
‘ between 36 a:’d’2490. Thus the d.yn;nnic- response of .the stretch
evoked sensory discharge appears to be less affected by low
muscle tanperatutes t.han the st‘ti,c response. A possible func-

~ ~

’ tional significance of these result:s became capparent vhen they

>
Ry

\rfre plotted in terms of dymic :I.ndex as .shown in Figure 16

. BN

" © This. qhows that muscle cool‘ln‘g, dut_-ing. ani'veloeity of atrett:h,
caused no s‘tatnistical.}y si_.gniﬁgmt change in the dynamic in-

dices of any of the endfngs.

s = - * ’

r OV
') Considering the resulta in more detail, at 32°C the mean

IR dynani.c index of the pri.nry endinsa aecmsed at all v’elocities

of stretch (H.gure 16A); vith futther cooling the mean dynamig

hd >

- - index generg.ny incmsed.» Htucle eooli.ng decruud the megn

- . B ~

¢
dynmic 1ndex of the CR secondary endi.nga to.a greater extent

9. during fast (50 mm/sec) than during slow (10 n/sec) muscle
. . . NS . - -

&>,
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FIGURE 16

LN
[}

-

Comparison of the relation between muscle temperature and
dynamic index during muscle stretch at diffg'rgt.'velocities
for':iaé primary, CK and NCR endings illustrated in Figure 15.
The mean dynnic i.ndices of the 11 pri.-azy, 10 CR and 5 KCR

secondaries are plotted in the light histograms of A, B and

c respec‘.ve;y. The velocity of stretching is shovn above !

ea:ch grouping of muscle t ture range. The muscle tem-
g ‘ Jpen

peratures are indicated on the abscissa of the NCR's in

plot C. The shaded histogram represents the mean static ’

réspoi:se (0.5 sec after conpiqtica of stretch) of the cor- _

responding sensory emdings. Static response measurements
are plotted in imp/sec using dame scales. c; the dyn-:l.c index.
The mean dynemic indices of the 3 types of ending are not sig-
“nificantly chngad by muscle coo'ling dupitc a significent .
decrease in the §tatic response of pri-lﬁ.u and CR ucon-
darfes (P < 0.05) when cooled from 36 tb 24°C.

hd AT
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stretch. At the lower velocities of muscle stretch the CR secon-

dary_ mean dynamic index remained relatively constant. In contrast,

.

the mean dynaimic index of the NCR secondary endings followed an

.;rregulér pattern during muscle cooling (Figure 16€). Within the

. but lower temperatures decreased the response.

. Cemperﬁture range of 36 to 28°C the mean dynamic index of the NCR

secondary endings genéfally increased at all stretch velocities

-

AN
The Pause Between Dfnamic and- Static Components pf Sensory .

Dié&h@ggg During Muscle Cooling

4

It was demonstrated' by Matthgws (1933). that immediately
following the dynamic phaéé of stretching there uaéf under cer~
tain,c;nditions of muscl% stretch, a pause in the discharge be-
fore it reached a steady state. In the present experiments at
36?C the éause w;s ;een regularlf in tﬁe response of all primary
endings And that of some CR seconddry en&ings. On the other
hand, the pause was ﬁewe; seen in tire reapohse’of NCR secondary

.

endings. 1In view of thehelbbservations it seemed of interest to

study the transition period from dynamic to static stretch at

L

different temperature levels in the three types of endings. It

was found that the duration of the pause was related to the rate

of app‘lied' stretch and the tempersture,  Figures 17 and 18 show

b . '

S5

®
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stretch, At the lower velocities of muscdle stretch the CR secon-
- 4

.

* dary mean dynamic index remained relatively constant. 1In contrast,

-

the mean dynamic index of the NCR secondary endings followed an

irregular pattern during muscle coéling (Fighre 16C). Within the

A . .
temperature range of 36 to 28°C the mean dynamic indéx of the NCR

secondary endings generally increased at all stretch velocities

. but lower temperatures decreased the response.

.

2. The Pause Between Dynamic &nd Static Components of Sensory

Discharge During Muscle Cooling

>
. (4

e .- ' It was démonatragg$\ﬁ§ Matthews (1933) that imme&iate1§~~
following the q?namic phase oé stretohi;g there was, ynder cer-
tain conditions-of muscle stretch, a pause in the dis¢hdrge be-

. fore it reached a stéady state. InAth;'ptesent experiments at
36°C the péuse was ée;n regularly in ‘the respﬁnse of all primagy
' en&ings and that of some CR secondary endings.,‘On the ;ther
;and, the pause was never seen in the response of NCR secondary
enéiﬁés. Iﬁ.view of these observatio;;_zzwgghmed of interest;xb'
study- the transition éériod from dynamic to static'stretch at

. R '\ ,
different temperature levels in the three types of endings. It -

was found that the duration of the pause was related to the rate T

.

of applied stretch and the.temperature. Pigures 17 and 18 sho®
' ’o .-‘ . .




FIGURE 17 ' -

Examples of stretch evoked afferent disc:harges from a single
primary, CR and NCR secondary epding at 36°C, 32°C and 24°C.

A pause was evident between the dynamic and static component

of sensory discharge ot; the primary ending aF each Jtenp?rature a
lev.el and increased inb duration with decrgaasing.‘tenperature. . .
The CR secondary pause, :ﬁst ‘perceptible at. 36°C was enhanced

by mu'scle coo!i:lg. ‘A pause was‘not evident ir the discharge

of the NCR ending ‘even following muscle cooling.' -

Amplitude of extemsion for each umit was 10 wm from the .

v

initial muscle length.

Velocity 'of stretch for each unit was 70 mm/sec.

Conducti.oﬁ velocity of primary, GR and NCR secondary 101, 38

and 40 m/sec respectiw.-fly.

L3
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. that a decrease in muscle t'empera;:ure resulted in an increase
in the duration of the pause. For example, in Figure V17, with ,
cooling of the ptimary ending to Zf’&oc. the pe;use increased from
23 ms.ec at 36°C to 50 msec at 26°C. Im general, CR secondary
endings shoved only a slight pause in digcharge at 36°C, “the
transition from dyn:amic to statio?stretch being almost conti-
nuous. However, with cooling of the muscle a cl:ear separation
of the dypamic and static conponents of stretch became eviden:
.in all CR endings. " 1In ::ontrast to the above,' all the NCR se-
condary endings had a continuous discharge in the transition

-5
_ from dynamic to static frequency levels. A pause in discharge

Y
s was not evident at any. rate of st:_raetch even wj,th muscle cooling.

An :anrease i.n the rate of stretch also wade the pause of
the primary and CR endings more proninen‘t. 'I’hi.s is illustrated
in Figure 18 which shows ‘ch;nges iln the, duration of the pause i
" for in.diadu?% FR s.econdary enq:i.x-xgs at 36 an'd 24°¢ wi;h- increasing
velocities of stretch (40 to 70 m/sed). wi.thfm muscle at 36°¢
only 5 of the 10 units’ displayed s pause in di&charge at a velo-
city of 70 m/sec. At 24°C a pause in dj.scharge frequegcy.ﬁms
| evident in 8 of 10 units at 50 ‘wm/stc stretch and all 10 units p..s-
sessed the pause when the muscle ;ap" stret:dhd only 60 sm/sec.
while muscle cooling -lniti‘acad a pause in all CR aojconda‘ry end;'.ngs
the pause was present in all primary endings at 36° c at all veloci,-

ties of stretch and \ua enhanced by a decreaoe in umscle tenperature.
p -
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FIGURE 18

The duration of the ..pau'se between dynamic and static discharge

of 10 CR secondary endings. Each of thé'}lo endinds i% repre-

.l

sented by a corresponding unit number on the abscissa of each
plot. The column heights illustrate the duration (in msec) of
the pause. A and B represent tesults‘mea'sured at 36 and thoc

~-}

" respectively at increasing velocities of stretch, 40-70 mm/sec.

-

At 36°¢ and? low velocity of muscle stretch, 40 mm/sec, the
‘ éransition from the dynamfc to static coinponetvxt‘of discharge
was contit.zuOu.s, and only 5 of 10 Qnité show the pause at the
high_est rate qf st,r?Fch, 70 ma/sec; with muscle cooling‘, B,

-

the pause nov_gi»peared in more units at low stretch veloci-

' . ties, 40-50 wm/sec, and in &ll units at 60 mm/sec or above.
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As mentioned previously, there was no pause in NCR discharge at

any rate of stretch regardlese of temperature.

h : *

3

D. Effects of Muscle Cooling on the Heteronymous Monosynaptic

Reflex of an Extensor Muscle. ’ .

Q‘ Cold-Induced Incrgase of the Monosynaptic Rgsanse in

’

Decerebrate Cats;

The finding that muscle cooling selectively stimulated se-
condary endings pro,videq a method for investigating the role of
the CR seéondar_'y endings in-spinal reflex activity. The effects

of cooling the relaxed medial gastrocnemius muscle on the mono-
' -

. synaptic responge (MSR) elicited by stimulation of the lateral

) .
gastrocnemius - soleus nerve (LGS) was studied in 12 decerebrate

cats. Care was taken to avoid spread of stimulus along the LGS.
Since cooling of the spinal ;cotd augments. ventral root reflexes
(Koizumi et al., 1954) gfeat care was caken‘ to maintain the tem-~
perature ¢f the cord at 37°c: Figure 19 illu;trat_es" the eff:ct:
of cooling the.r_elaxed medial gqsl;rocnemius mu;cle 6;{:_ the };SR
evoked by single sf;'ocks to the LGS. ;ierve ;ln a deceret;:'h‘te cat,
Each point represents the nea.n height of the 20 l;_s&’i plotted

as a per cent of the control MSR (100%). A_ffer thé MSR had

-
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FIGURE 19

The effect of cooling the medial gastroenemius muscle upon the

" heteronymous MSR evoked in the 31 ventral®root by stimuli to

the LGS nerve every two seconds (0.2 volts and 0.1 snsec dura-

tion) in a qecetebrate cat, Each point on the MSR curve

représents the meah of 20 respomses. Reflex respomnse is

plotted as a per cent of the control MSR amplitude which rep-.

resents 100%. The upper curve shows the medial gastrocnemius
mus_éle temperature. The oil pools of the LGS nerve and the

spinal cord were maintained at 37 and 36°C respectively. s )

t 4

The initial decrease in the MSR to 76% of the control value

at 35°C is thought to be due to depression of residual spon-
taneous primary activity. Further cooling (32.500) 1n§reased
the MSR 1347% Qabove control levels whil'e subsequent . rewarming

-

returned the MSR to the control level. - Y.

s’
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. 1.
" stabilized, ‘the méa ampli.tude was measured at ix;tervals’ every
> - L ‘ -

/’Tao minutes before miascle cooling (0-10 minutes) and used as

P

o the controkss There was no siguficant change in the height of °

———

R wheh th@ muscl“e_wai 'maintaxned at 37 C for 15

=25 minutes). Cooling the relaxed muscle to 35°C

2d it. The MSR‘ teached a maximum amplitude of 1347% at

' -~

&
37 5° c, decrtased slightly with further cooling (30 - 31 C‘) and

roturned to the control value as the muscle was rewamed to

37 Cc. In a11 exper{me{lts cooling of the relaxed medial gas-
* >

Arocnemius muscle produced'thase characteristic ¢hanges in the

a

MSR. . The MSR coolin& cu;ves of the i.ndividual preparations,
f

however, vari ed in the/&-\e\sﬁﬂd temperature for increasing

the MSR, maRimum amplitude of the’response and the opti.nal -
2 R T o )
! temperature at which it occurréd. The mean threshpld tempera-

-

'tre of the MSR jncrease 5) S.EM. % 0.60° (28 - 38°)

N

an}l ‘t;he' mean mhm ,résponse fSS 5. E.H. :l: 13.8% (115 -

.2?$ at a mean teﬂpgtature of °c (23 -

' .3~3°C). "It is.suggested that the- heteronymus MSR was 1nitiany
decreased because of a reduction i.n backstou'nd activity from
primary endings and was subsequently increlsed because of acti-

v

vity provided by the response to~cooling (Tcold response ') of -

the CR $econdary endings. = - - L

P : . ) °
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2. Procaing Blocking of%helncrease in Monosynaptic Response

o >

During Muscle Cooling e

In order to rule ocut a possible contribution to the MSR

facilitation by receptors otheréj&au‘ those of -the cooled medial

| 4
g'astrocnanius fouscle the sensory activity of the medial gastroc-

nemius nerve was bloaeked by the applicatlon of ‘procaine (Matthews
L4\

and Rushworth, ,1.957). The extent of nerve paralysis was ‘monitored.

by re;érdfn& che~ s!zé o;‘. ‘a compound action potentia} set up by -
stimulating the m.edi.gl gastrﬁcnmius herve at its insertion int’o
the muscle gnd.}eqo:ded at a positio;l 1 tib 2 cm@proximal to th-e
Ppoigt of applicatibn of procaine. - . .

Figure 20 demonstrates the effect of blocking the medial

' gastrocnemius nerve upoR the cold-induced increase of*the MSR.

[

1™
Cooling the muscle to 31?0 decreased the response, but further

“
'

cooling increased the response. WHen the response h¥® reached °

L

"127% of the control amplitude (muslle tempe_z:‘aturé, 28°¢) pro-

-caine\"yas applied to the*mediad nerve. The MSR nsho'wed a de-

crease Yhich parallelled the decline in amplitude of the com-

-

pound action potential of the nerve’ to the cooled muscle.
* Recovery of the MSR %nd Tompound potentials was produced by
Y

-en¢losing ."Eheme‘dial gastrocnemius nerve in.Ringer ‘soaked
v
“ filter }aper. Aft’er return of the nerve cond‘cti.on (Figure »

~

.208) a secoqd cooling of the ned’ial gastrocnenius nuscle Te-

a.

sulted i.ﬂ an .increued MSR throughout the cool:lng nnge. In

° T e . 4 "

” . . al R \ «

105




~PIGURE 20
.

Illustrates the effects of medial gastrocnemius muscle nerve
block by 0.3% p:‘bcaine' soluti®h ypon cold induced changes in
the heteronymous MSR. The MSR was recorded from the S1 ventral
root and elicited by "stimulation of the LGS merve every 2 se- _ Y
conds (0.3 volts intensity and 0.l msec duration). Each point
on the MSR curve represents. the mean of 20 responses. The :
gpper curve (—e—e—e—) shows the temperature of rhe MG muscle.
_The compound action potentials —+4+—+—+-—represent means of
10 responses) evoked by stimulating the MG nerve (0.7 volts
intensity and 0.1 msec duration) near its imsertion intqQ the
muscle were recorded from an appropriateyproximal position on
the MG nerve'.' Procaine was applied to the nerve between sti-

mulating and recording electrodes and the disappearance of
the potential monitored. '

Cooling the muscle to 31°C decreased the MSR but further cooling
inc:.:eased tiae respcl;se. When the response reached 127% of the
control level (at: 28° c), procai.ne was applied at time 1 as show
. on the compound potenti.al ‘curye. The MSR and the compound po-
tential decreased in amplitude.- Ringer soaked filter paper
placed on the MG nerve at time 2 reversed the block and allowed -
the compo action petential to return to the -contrel" level.
The MSR did not recover fully since the muscle temperature was .
now below the optimal’ temperatufe for increasing the MSR, v

Aften allowing the nerve to recover for i 1/2 hours 't'iie cooling
was repeated, Figure 20B. The typical changes in MSR appeared

* during muscle cooling, that 1s, aftex' an mitial decreéase the
MSR increased to 140% of the contul level. *

. . f R
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other experiments cutting of the medial gastrocnemius nerve abo-

lished the increase in the MSR observed during muscle cooling.
These results strongly suggest that the cold-induced activity of

the secondary endings of the medial gastrocnemius muscle imoreases

-

the“h‘ét‘emuymonsl monosynaptic LGS response in decerebrate TILS. —

3. Cold-Induced Increase of the Monosynaptic Response in

-

Spinal Cats

Results simiiar to those descri‘.b'ed for the decerebrate
preparation we;'e'caused by mugcle cooling in the spinal animal.
Fi.guré 2.1 represents the results obtained during cooling of the * . .
medial gastrocthemius muscle in & spinal animals. Each point

"\t-epresents the mean of the four )]lSR's, of the I.GS nerve, cal-
*'cul'at.ed for each preparation at the same temperatures. Muscle
cooli.-ng initially decreased the MSR but the increase initiated
at ‘31_°C reached a mean maxi.mn of 128% and then declined with
further cooling. 'Im ad’ditic;n'to the change in the MSR pattern

shown above, Figure 21 hhows'that a decrease in MSR occurred

. 1 - : .
.during cooling of MG muscle to less than 23°c. since the -

single unit analysis showed that the ‘maximum frequency of .

the 'cold response' occurred ‘at'29°c, it 1is suggested that -
. - : Co 4
‘the decreased MSR at the lower cooling range results from a

»

reductioh of the activit'y from CR secondary endings.

- 4
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§ -
IGURE 21

The effect of cooling the medial gas;rocnemihs wmuscle upon the

heteronymous MSR evoked in the S ventral root by stimuli to.

1
*the LGS merve e&ery 2 seconds in 4 spinal cats. Each point
[ ’
o>

represents the mean of the-MSR of the four preparatioms at

that temperature. Reflex response is plotted as a per cent

P

of the control MSR'amplitude which represemts 100%. The 1GS

3

nerve and spinal cord oil pools were maintained at 37°C and

36°C respectively’

+
>

4

Cooling the muscle to 33°C decreased the MSR. Further cooling

increased tﬁ; mean MSR to 128% (23°C). The cooling response
curve is similar to_that obt;ined in the decerebrate, prepara-
tions. ' The decrease of the MSR with mﬁscle tooling to less
than 23°C 1s‘thought to result ffum‘a-decrea;e in CR secondary

sensory activity at that temperature.

:
b
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V.  DISCUSSION

1. The Specificity of the 'Cold Response'

The results show clearly that the afferent discharge
. : N

elicited by cooling of the relaxed muscle, the 'cha;;esponse',

. originates’only in the secon&éry'endings of muscle.g;fndles.
'Cold respogse' endings were identified on the basis of théir
afferént conduction velocitiés (20-70 m/sec) which is tHe.cgn-
ducéion velocity range of secondary endings in the caé (Hunt,
1954). This finding is supported by a similar one in rat
muscl;. ﬁich#lski and Séguin (1971) reported that the 'col&. 
response’'-of.spindles of the rat anterior tibial mﬁsg}gjép-'
peared only in fibres with conductiog vglocitiés cha?;cteris-

tic of secondary ending.afferents; that is, 20-50 m/sec (Andrew,
Leslie and Thompson, 1973). ) | ’
In ;he prebéht study, isolation of spindle-affereﬁts and
measurement of their conduction velocities yielded a represem-
‘tative sample of fibres which comprise the group I and ;I;af-
-fer?nts ;f spindle .endings. Histofically the ‘conduction velo-
cities of cat hiandlimb p:iﬁdry.aﬁd seéddﬂa?y endings hqve‘Peen
divided by an arbitrary value of 72 m/sec (Bumt, i§54) which -
'in effect was Lloyd's (1943) distribution of group 1 an& 11
afferent fibres. This ;1-odaliéy of conduction velocities was

often noted in cat spindle<affergncsK(Merton, 1953; Hunt,

-
.

111
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1954) and was confirmed in this study. From the histpgram of
Figure 4 it is clear that spindle endings in the present teves-

-

tigation can be divided into two groups of qfferents with con-
duction velocities between 20-70 m/sec and 70~130 m/sec. The
' 76 p#imaries aué 86" secondaries examined in the medial gastroc-
nemius (Figure 4) are grouped tégpectiveiy in ‘two peaks centred
at 45-55 m/sec and‘85-95 m/sec, a bimodal distributi;n similar g
to ;h;t réportgd by Hu#t {1954): The overlap in conduction
. velocities (65-75 m/séc) may be explained by the overlap in
spindle affefen; fibre diameter (Adal ana Barker, 1962;. Hunt,
. 1954), DesP;te the pb;e;ved overl;p in cond&étion velocities,
muscle gooling seléctively stimula;gd only endings conducting
below 70 m/sec. Indeed the highest conduction velocity of a
'eold response’ secondary was 65 m/sec.
; The finding th;t the 'cold.response'“uns not charatteris-‘ R
tic of‘ail spiﬁﬁle endings was not-unexpectéd, since Lippold
. . : - (1960) reported that only two-thirds. of the endinga
studied in the' cat tenuissinus carried the ;ém responge’. ¢
The spindle aff&rents which did not possessithe ‘cold tesponse
. ;egpogﬂgq to muscle strgtch and the steady sqmsqu dischargﬂ'
evdked ‘?y muscle stretch decreased during muscle 90911..,,8“_ " The

present investigation demonstrated that the lack of ‘a 'cold

response:_infbone sécondary and all pfinary endiugs vas genuine

and not because of insefficient muscle cdolins,_rate of‘cooling,' ' - .
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. 1954) and was confirmed in this study. From the histogram of -
Figure 4 it is clear that spirdle endings in the present inves- o
tigation can be divided,into two groups of affe;ents with con-
duction velocities between 20-70 m/sec and 70-130 m/sec. The
76 pri.ma\ies and 86 secondaries examined in the medial gastroc-
nenius (Figure 4) are grouped respectively in twos peaks centred
at 45-55 m./sec and 85-95 m/sec, a bimodal distribution similar
to that reported by Hunt (1954). The overlap in conduction
'vel'ociti.es (65-75 'm/‘sec) may be explained by the overlap in
spindle afferent fibre diameter (Adal and Barker, 1962; Humt,

o 1954). Despite the observed overlap in conduction velocities,

- muscle cooling selectively stimulated only endings conducting
¥  below 70 m/sec. Indeed the highest conductfo-n elocity of a
' 'cold response' secotida.ry was 65 m/sec.

The finding that the 'cold response' was not characteris=

tic of all spindle endings was not uneﬁrpectgd, since Lippold

et al. (1960) reported that only two-thirds of .the endings
studied in the cat temuissimus carried the 'éold response'. ‘
The spindle-afferents which did not possess the 'cold re'spon*Se'
respon.déd to muscle st,ret;ch and the steady sensory diacharge
evoked by muscle stretéh tkecruaed during muscle cooling. The
P | present 1nvestigation demonstrated thn‘. the lack of a teold

response' in some secondary and all pr:lmry endings was genuine

and not because of insufficiemnt muscle cooling, rate of cooling,
.. . ) & i -
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or nerve fibre damage produced by muscle cooling. It might Be
argued that primary and NCR secondary' endingé are localized in
a portion of the MG muscle which was not cooled coﬂﬁietely. )
However, Swett at:d Eldred (1960a) have shown that spindlés of
the MG are concentrated mainly in the middle two-thirds of the
muscle, while the MG origin and i'.nsertion‘ are relatively free

of spindles. A similar distributiom vas reported by Chin, Cope

and Pang (1962). This distributi,on corresponds to positions
2-5 in the muscle as shown in Appendix A. Measurement of the
intramuscular temperature changes during cooling demonstrated
that cold spread readi‘ly to these parts of tt;e muscle as well

. as the ¢.:rigi.n and insertion of the muscle. Primary ;nd ;econ-
dary endings which did not possess the 'cold response'- responded
to sgrgtch and during a mainta.ined stretch gave a steady dis-
charge which decreased during muscle cooling. Thus ';he methdd =
employed in 'the‘ present study was sufﬂq&ient to gdequa;ely cool
all the spindles. A.1so-,"1.1p§o1d et al. ('1960)’ studied the 'cold
response’ ‘Lg- ggm.in th.e isolated tenui.ssims in a temperature .
co:iti'oiled bath that:‘ ensured a un-;fom cooling of all- areas of' -
‘the wuscie. Usiﬁg this te;zhnique, these workers noted that many
spindle sensory endings remained silent dugt.ns 'cool.ing of ihe' . .

b4 rela.x;d m;nscie. "

The lack of a 'cold response’' in gome spindle endings can-

not be attributed to differences in the rate of temperature change

’

-

-
- . o 3
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\ in different regions of the muscle since the ‘cold response' is

depéndent upon temperature and not the temperature gradi'ent

(Lippold et gl., 1960). Nerve damage or cold nerve block were

not responsible for lack of 'cold response' in primaries and

y ! NCR secondaries since muscle stretch during muscle cooling

(20 - ZQOC) invariably evoked a sensory response from each

' quiescent ending. Therefore it seems valid to conclude that
N ~”

two types of secondary ending (CR and NCR) may be distingiished

by their.response to cooling of the relaxed muscle.

A

.« 7

2. The Effect of Muscle Strétch on the 'Cold Respounse'

. . Lippold g& al. (1960) described the 'cold éesbonse' in

: . . _ .
N unidentified spindle afferents in relaxed muscle, whereas

N ) ﬁldfed et al. (1960) reported that cooling of stretched muscle

: resulted in a slowing of afferent discharge of spindle primaryf [N

and secondary endings. The présent results provide an expla-

"nation for these contradictory findings. It was found that
\ . ! . . . -
slightly stretching the muscle resulted in an increase in fre-

quency and'a.deé:eése in the threshold of the 'cold respomse'.

Mowever, a depressﬁnt effect such as that repq;teh by Eldred -

et al. (1960) became evident during cooling with the muscle

|
under stretch (> 4 mm). It is probable that the 'cold response'
/ , , . .

| ~
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renained undetected by Eldred and his cosworkers, since their
experiments were performed with the muscle stretchHed and the

spindle afferer5§ already firing at normal body tempergature.

Presumably the 'cold response' from secondary endings was

masked in such eriments. -

N

~7

3.7 Comparison og the Sensory Response of Primary, CR and NCR

Sécondary Endings . <

:
Y
& !

The\)present rgsults showed two distinct kinds gf}i‘»s'ecori;iary
ending respons.e. Irt contrast té Lippold et Q.K(ISGO) obser=
vation that spiice height v:n-is the only difference between t;erve
endings with and without a Tcold response', f.t was found in the '
present study that dividing spindie secondaries into two 'groupé
on the basis of the fcold response’ produced two distinctfgrot;ps
. also with’ reépect to stretch sensitivity. TheAdyﬂm'{:F:espon;e
of the"éR secondary endings was considerable compared to that
of the NCR 'secondary/end{ﬂ-g. The differences in tfe mean dyna-
mic indices of ! two groups of secondaries were statistically
significaﬁt at all velocities of ‘strett;h. _Thue the two types bf
'-ﬁt_ld!fg diZ‘.fer in their sensitivity to ;nuscle st'retch’; and it

would appear that those that possess the 'cold response'’ measure

length plus velocity, wharecas the remainder (NCR).measuré mainly

- . 3
-




‘length,
<. . -
Tt has been stressed in earlier investigations that secon-

-

dary endlngs'of muscle spindles are relatzvelY‘insensitive to

~

the velocity of muscle stretch (Cooper, 196%; Matthews, 1963).

0

So it-uaS'an uneXpected finding that CR sepondaty endings have

such a high°dynam1c response. This discrepancy might be sc~-

.

counted forlgy the fact that the present experimental nmuscle and

~

i -
p

e

“amplitude of stretch were different from those of earlier. studies,
- Cooper (1959, 1961) was the first to Qesdg}be the response
pattern of secondary—endings. Her finding that "during the spplx—

Latfon of stretch the rate hardly exceeds that teached daring a.

maintained stretch"” is still widely accepted as an adequat& de-

’

scription of‘\fcondary ending ‘response. Goopet (1961) studied

only eight secondary endings in the icat soleus using stretchés

-~

of 4 mm. Matthews (1963) cenfirmed Cooper’s finding lin » larger

number of secondary endings in the soleus musele. But MattheVS'

found some secondary endings which had an atypical response. .The

stretch response of CR secondary endings closely resembles that
N

o of the atypical secondary activity described by Hatthews (1963
see his Fig. 4, necord‘b). Matthews found 4 such atypical secon-

daries out of a tetal of 27 dkamined. it is of interest that he
° a9 *

used stretch amplitudes of 5-6 mm and the question arises- how

much greatef’would hGve been the dyngmic_responsbs of some of

1

4 ) ’ .
these secondary endings, &f' the amplitude of stretch had been

\
L3
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regter? f - .
greg a e

Also it is possible that the number of atypical secondaries

. (15% in the soleus) might be more.numerous in a different muscle.

[}
’

f‘or instance, Bianconi and van der Meulen €1963) found that se-

condary endings could e divided into two equal groups with res-

c

i:ecf ‘to their response to §tre£ch and vibrafion. Secondaries
%hat deré‘_—sensitive to vibration"of'the Snuscle surfacé differed
‘ N . ’ N

from: second%ries that did nds respond to vibration. The former

had a dynamic response similar to that of Matthews' atypical

. secondaries and our CR secondaries, 'while the "'latter responded

~
only tso muscle length like. the classical secondary (Coopet,

.
- - ]

and van der Meulen (1963) were able to distinguish between the

. ek

, dynamically sensitive and tjnn-sensigive secondaries by using a

oA : :
stretch of large Lpl!tude (10-20 mm). It is suggested there-

fore that & comparative study of secondary .snding response with

L
. -

large extemsion-in a variety of cat hindlimb-wmuscleswould reveal

a significmt number of sécondary gndi.ﬁgq with a .relatively large

dynamic sensi,tivity.

2

y / In the present 1nvestigatiqn, the mean. dynanf.c index of

the primary endings ws signi.fi.cantly greater than that'of the

\ -/
CR decondary endings at all veloglties of stretch. Nevertheless -

the‘high d}nﬁic gensitivity of the CR s'ecém!}r; ending suggested

that this type.of spindle afferent had functional propei'ties

? : ] ' . ! - e

»
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1961) and the NCR secondgry. It is noteworthy that‘c Bi.an ont = -

Iy
et
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A S .
similar to fthose of tﬁé’"prhiry ending. . Thus tbese' results have
pr?ced so-e"\meertainty‘ about- the extent to,which priuryo and
secondary groups of spindle ending are truly distinct f\mctioully.'
Considerable evidence has accumlated now thet indicates that there
is an overlep of the responses of primary end secondary endings
from eny one muscle. For example, Almaes, Jansen end}t:d;?rd
(1965) fouod considereﬁle fvereip-betv.een the dynamic ;. ces of
primary and secondary endings in the ;nterior tibial muscle of
the cat. A ra:her similar situatiom has been reported in the
ja\r ouscles of the cat; Cody, Lee and 'rey],pr (1972) reported
that they could find no evidence of two distiuct populations of
afferent fibnes in terms of dynmmic index. Bianconi and van der
Heulen (1963) found that dividing spindle affereats :tnto two
groupe using the comrentio\nal dividing 1ine of 72 n/sec did not
prqduc;e two honoge}wue groups with rebpect to vib‘ration as a dy-

) mic ati-ul.us. 0ver1ep was elso noted by Andrev, Leflie and -

'l'houpson (,1.972) wvho emined apipdle afferents of the ret caudal

aosl hindlimb musgles and found no clear separstion between pri--

- mary and sec"onder; ending;o. with req;ec.t to .their vibre:ion sen- -

‘sitivicy and d?llli:: index. R - o BRI
since the rate of ‘adaptation of the CR secondary dyn-ic

: . X .

response vas slower than that of the primary ending, it is S
b ° . ) f ‘ .« e .

v
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. obvious that the use of the arbitrary measurement, .dynamic index

(Crowe and Matthews, 1964) can ‘#fluence the degree of difference "

<&

or overlap between primary and CR secondardeynamic indices., For
example, if the CR secondary dynamic behaviour had been assessel

by measuring 'the fall in frequency 1 second after completing the

stretching their dynamic index would have been larger and would 3
; _ ] ,

have overlapped the primary fgéion to a greater extent. In . .

contrast if their dyndmic response had been measured 0.4 sec

. rather thar 0.5 sec after stretch ‘they would have fallen into
wnes -
» - LS
the NCR rapge. Despite such,jimitations the dymamic index A,

v

serves as a useful measurement of velocit$® responsiveness of

an ending and allows the present results to be compared to
. ' - ' .

those of earlier investigations.

-

Qur observations can be compared with the corresponding

observations by ﬁatthews (1963) on the soleus muscle, Matthews : ‘-f

found that with 60 mm/sec stretch the soleus primary afferents-

. had dymamic indic‘e's i_m the range of 97-200 imp/sec, while se- °
condaries had dynamic indices in the Tange of 13-78 1mp/§ec. .
-'I_n comlari‘son t;t:ir dynamic indices of thé primary endings of

. ‘ the medial géstro;nenﬁus musclé were between 44-2k5 imp/sec;’’ ) o

o . . ) , . N
while the CR and NCR secondaries fell within the range of 35- .

125 imp/sec and 15-40 imp/sec respective]_.yr-mndoxmtedly the >

. ) . Rreater amplit e stretch in the.presen't st:u'd‘y (10 mm vs. 5-6 ’

) for Matthefs) accounted fot the ﬁigher magnitudes of dymamic
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response; howewer, it should be noted that the dynamic index values

;f Matthews (1963) were obtdined after exclusion of all units with

conduction @elocities between'60-80 m/sec. In additioun, 102 of the
\ - A

\

other units were omitted,. including 3 primaries which oveérlapped °

tgﬁvmaxﬁmuh of the .secondary dynamic indices and 4 secondaries which

fell‘into the primary region of indices. The present investigation

included units of all conducgion velocities{"of;these 8 had conduc-~
tion velocities between 60-80 m/sec, but these units did not appear
to contribute ﬁppreciably to the overlap observed. Rather the grea-

ter overlap between primary and CR secondary emndings of_the present

s\tudy is inainly due - to the. large dw of CR secondary
endings. ° © '

The results obtained in static responsg measurement, espe-
cially, make the case for a functional sep&ratipn of-ﬁriﬁéty and CR
- . N .

secondéty endings difficult to suppart. The static response (mea-

sured 0.5 sec after the end of ramp stretch) of these two types of

- ending was the same and both were significantly greater tham the

mean statfc response bf the NCR endings. However the NCR secondary ,°

-

endings had the greatest rate of adaptation: reaching a steady sens

sory ‘discharge before either primary or CR secondary endings. The

\

rate of adaptation of the NGRléecgndary wakes this ending uﬁique in
that'it rapidly monitors a change in static muscle lemgth. Ounce the
new length has b;en reached, ﬂbuever, the static discharge of each
type of ending is propoitionnlvto muscle length.

-

° .
s
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The similarities between primary and CR secondary endings do
not support the ‘classical' role for spindle endings, namely that

primary endings measure muscle length and velocity, while secomn-
] o
dary endings measure only muscle length. The question arises as-to

whetfler primary and secondary éudings should be classified on the

Basis of their conduction velocities or described in terms of their

position in a graded distribution of sensory response. The attri-

)

betion of a graded input from g‘ll spindle afferent; to the CNS is N .
more sati.sfyfng than the previeus view that they produced dist;inctly
-\different responses which function ceantrally in an opposing manner.
Indeed the earlier view is supported mainly by the fact that most .
workers have emphasized the functional distinctiveness of most pr.i-
mary ahd secoddary endings and "exc:luded those endings whicl_x did not

fit a'nomal primary or sécondary response patterm. Since prima‘ry‘

—

. . and secondary endings are thought to have opposing reflex effects

. “a the o{rerlap of..response noted in the present study 'requires some

explanation and encourages~ f.urfhé: investigation 'into the role of - ¢
. Bt L .

secondary endings in ‘spinal -reflex activity. =~ -

5

rd

.. ~
N .
L]

4, The Role of 821n<ile Secondary Endings in ‘§21na1 Reflex

-

The selective stimulation of the secondary endings ‘by ) o
-~ r [}

-,
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cooling provided a.method for studying the role of secondary

'

endings in spinal reflex activity. Cooling of an extensor . .
muscle resulted in an increase of the heteronymous monosynap-

tic reflex of its synergist ig both decerebrate and spinal o
preparations. In gemeral a reduction in height of the us¥

to stimulation of the LGS nerve was found upon cooling of the

—

relaxed MG muscle to‘approxlmately 33°C. Further cooling

,

caused an increase in the SR which reached a maximum at tem-,

Peratures below 30°é. It wa¥® suggested that during cooling of

the muscle the MSR was initially decreased because of a reduc-
‘tion in background activity from the primary spindle endings

‘ and was subsequently increased by afferent activity from Cr

secondary endings.
Eldred et al. (1960) in observations on the effect of -
cdoling the stretched MG muscle of the cat found depressiom of

manosynaptic responses rather than enhancement. Their method

~ <~
of coolj.ng_'l.gd to muscle t:e:nperatures of only 30 C. 1In the- i

/

present study a 'cold respanse' fibre analysis of the relation-

T e

ship between frequency of discharge and temperature showed that
the maximum respons€ to muscle cooling occurred at 29°c. so it
"se.ens likely that ‘these workers 'failed t;:: decrease suscle tem-
perature sufficiently to observe a clear increase in the MSR.

In addition, the 'cold response' may have been uiiskég! in*this -

.earlier study (Eldred et al.,”1960) by the use of a stretched °




123

- S .

muscle, since the present experiments have shown that the 'cold

response' is masked by muscle stretch, ¢

. An explanatioﬁ of the refl;-.x responses observed in the
present investigation requires the assumption that the altera-
" tiom in ceﬁtral.&;itability, MSR, resulted from 'etunges in :he._ .

afferent discharge produced by cooling of the MG muscle. Com-

crete evidence for this :Ls provided by' the finding Ehat blocking

the #G-nerve with procaine during musclé coolipg, or cutting ‘t;he

MG nerye, abolished the cold induced increase of the MSR. Al-

thousﬁ mechano and cutaneous 'recepr.ors respond to local cooling

in the cat hindlimb (Hensel and Iggo, 1960; - Iggo, 1960), the

' complete ipsilateral and co;xtralateral hip and leg denervation

. in the present preparation would have eliminated ‘the possible .
influehce of these receptors upon the MSK. From the above ob- | -~

Pl

servations, it would appear that receptors outside the MG wmuscle .
do not comtributé to changes in the MSR. It might be suggested,
hove;rer, th;t the cold induced increase in the MSR resulted pri-
‘marily from activati;;p of muscle afferent endings other than

| those c;f CR secondary endings. In this respect the,re is evi-
denice that cooling excites non-myelinated afferent fibres in
muscle (Iggo, 1960).' Iggo foun‘d pressure set_x;itj.vc afferents
'in_the gastrocnemius and soleus muscles of cats which responded
vith & pet;ai.st_cn.t discharge to muscle c.ooli.n.g. (< 25%C) and

muscle warming (0 §1°C). A few of the endings \Mirc most

- -
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sensitive around 28 - 32°C. Whether muscle c&oling abtivgtéd'éuch
fibres>1n our experiments cannot be answer;d on the $as;s of.the
present observations. However, to atgribute.th; colé inducéa—HSR
inc;ease to activity in fine urnmyelinated affef;nts r;quires the
conclusion that muscle C fibre activity can elicit, in some way, -
an excitation of extemsor motoneurones. In this régpect ;epotts
of réflex effects associated with C fibre activity are cbnflicfi;g.
So&e workers have found that stimulation of muscle C fibres’(ﬁén-
dell, *1970) and cutaneous C fibres (Mendell and Wall, 1964; Dawson,
Merrill and Wall, 1970;’1Hende11, 1970)'e11cited a positive dorsal
rodt pot;ntial and ‘presumably a presynaptic facili;étion rather
than an inhibi&ian. This conclusion however, is not s#pported by
the majority of workers (Burke, Rudomin, Vyklicky and Zajac, 1971;
Franz and Iggo, 1968; Janig and Zhn;erman, 1971; Zﬁhmerman,
1968) who have showm that C fibre atimulgtton produces a negative
dorsal root potential and presynaptic imhtbition. Thus no deci-
sive conclusion can be drawn on the refleg role of C.fib;es;. how-
ever, the bulk of the experimental'evidenc; inéicates that these
afferents, if stimulated by muscle pgbiing, should have decreased
ratﬂer than increased extensor motoneurone excitabilit;;
Observations in the present experiﬁ@ﬁts éo not éupporﬁ the
suggestion that muscle C fibre afferents contributed to the MSR.

Most of Iggo'i (1960) cold sensitive fine afferents were stimu-

lated by temperatures less than 25°C. If muscle C fibres produce

»
+ - .
!
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_presynaptic facilitation as suggested by Mendell (1970), an ind-
crease in the MSR Hould be expected at this telnperature. In the
present experiments "this was not-the case, since the MSR béegan
to decrease in amplitude as -\isclg co,olitig progressed below 25°C.
It would appear that attivfty from the CR secondary endings
is most responsible tor the increase in the MSR during muscle
. cooling. Othe;: evidence in favour of this assumption is the.
finding that'dﬁring muscle cooling the increase in MSR mp.litude
began at a mean taptrature of 32.5% apd reached a maximum aaﬁli-;
A- t’xde at the mean temperature of 29.3%C. This agrees v"ell with the
‘t;:ean temperature of initiation of the 'cold respounse’, 31,7°C and. -
the mean temperature of optimal 'cold_ responte' discharge, 29.5.°-C.
| Nevetthele’ss further investigation of the role of secondary endings
on spinal reflex activity, using muscle tool.in_g, may necessitate a
stv,.u!y of the effect of cold upqn non-n}elinate& aff'ereﬁts' of the
. Felaxed MG muscle. ‘

At present the reflex a.ctions‘ of sg¢condary _endings are not
clear. The main reason for this is the dffficulty of ac_tivati:ng
th’ese fibres selectively without .the simyltanedus attivation of
pﬂmry endings.-x Mqst exiaerinenta have‘de'pended- upon electriéal
stimulation of nervea for activation of reflex patlways. Using
such electrical stinnli it was shown by -ono.ynnptic testing
(I.loyd, 1943a, 1?46;, b; Bmck Eccles and Rall, 1951) and by

motoneurone ihtnﬁellular studies (Bcclés and Lundberg, 1959;)



that the gfoup II afferents excited flexor and inhibited extemsor
' . s

-'_motoneurcnmes. in the spinal cat, while they had little effect in

-

the decerebrate cat (Eccles and Lundberg, 195%; Kuno and Perl,

" 1960). On this basis the group II spindle afferents were de-

fined as a pﬁrt of the general flexor reflex system degctibpd

by Lundberg and his cglleagnes (Eccles and-Lundberg, 195%9a;
Holmqvist, Lundbe and Oscarsson, 1960) that is, whatever their
muscles of origin i.;:’puls_es in group II‘ secondary fibres 'produced
facilitation of—{fpsilateral flexor muscles and inhibition of ip-
silateral extensor muscies. T

Exceptions to this patterq have been noted., ~ -~itation

of muscle afferent nerves with stimuli of group II stremgth has

been shovn'fo result in excitation of 1p§ilatera1 extensor moto-

’ ’-f

neurones {(Eccles and Lu;dberg, 1959&;\ Wilson and Kato, 1965)

and facilitation of the tonosynaptic reflex (Holmquist and Lund-
bérg, 1961). 1f, as éuggeatéd above,‘secondary (CR) ending’ ac-
tivity increases ;hé-heteronynous MSR, the findinghth#t ;;t all
group EL_gp!ndle endings showed'g 'cpld_responpe' may be impor-
tant ~in egslaining the divergent results of these workers. The

contradictoiy findingé for reflex responsiveness to group II

’
—

input uoui@_seen apptopriaie, if the reflex arises not only

from secondary endings causing cxfens:; excitation but also - .

from some secondary endings cauasing extemsor inhibitiom. It 1is

possible theréfore to suggest a role of qicitation for some
“

126

L% 4



M 13

*

127 ..

-

secondary endinés (CR) without excluding the'general flexor pattern

of group iI sﬁinQ}e afferents. It may be.speculated that NCR se-
condaries could cont;ibute to exténsor inhibition. Moreover it

would be appropriate for CR secondary.endings to have similar cen-
tral connections as the primary endings, since both have a similar
discharge.resﬁonse under static conditions of stretch and an over-

lap in the range of their &ynamic responses. At any rate the ear-
lier investigations do not invalidate the present reflex findings
which suggest that some secondary endings of the muscle spindle

are ;esponsible for increaging the MSR in'spinal and decerebrate

cats,

+ - It is possible that thé use of electrical stimulation in

spinal ref{ex studies has cont}ibuted to the conflicting results
concerning the reflex activity of secpndafy'endings. Afthough it

is accepte& Fhat 1ncreasin§ electrical stimulus to group iI‘ '
strength'does excite afferent fibres from spindlﬁ-secondary‘

endinés the concurrent excitation of afferents from other types .
oﬁ rgceptor.cannot be excluded. Hunt's (1954) study suggested
that all but a few of the afferents examined in the soleus and .
gastrocnemius muscles came from spindles. In contrast Paintal
(1960) §ound'"pressute - pain” receptors in the same muscles

which had- conduction vel;citiés in the group 1I a§d gréup I

range. Barker, ip and Adal.(19657’brovided further exafples

of fibre ;éontaninatton’; they reported that about 10% of
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group 1 fibres and 35% of group PP fibres ta the soleus could not
be related to muscle spindles. Anatomical work of Boyd an§ Dave}
(1968) suggested that such contamination existed in all muscle
nerves, though in variable numbers.

T - Thus electrical stimulation of peripheral nerves at group

.. 4 - .
II intensity activates several fibre types indiscriminately and -

more or less synchronously. Such an input to the spinal cord is

improbable under normal circumstances and it would seem that sen-

o

sory activity arf{ving éc the cord asynchronously over a period

of time might represent a more natural stimulus. In the present

- i

experiments the test shocks were electrical and confiﬁed to the
Ta fibre spectrum, whereas the conditioning stimulus was low

temperature. Thus the reflex effects ofs muscle cooling were

v

presumed to depend upon’ an aiynchronous and sustained 'cold res-

ponse' secondary afferent activity. ’-

The persistent dﬂschargg of CR secondary endings during

muscle cooling may(préduce central effects ﬁhiqh are different

Y .
from those elicited by electrical stimulation. Such differences

have been noted by other Qorkers. Matthews (1969) and McGrath

-

and Matthews (1973) used muscle stretch rgﬁper than electrical
stimulation to excite secondary endings and obtained results
. L)

which suggested that these afferents contributed to the tonic

stretch reflex by autogenetic. excitation of extensor motomneu- '’

“Tdﬁzgfi These findings contradict the iphibitory role previously

-
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assigned to secondary a{ferenté a8s a resﬁlt of electrical stimula-
tion studies. In addition Burke et al. (1971) have shown that
electrical stimulation of cutameous and muscle C fibres produced
a positiigidorsal root poteﬁtial, while a natural stimulusf skin

-

heating, caused negative dorsal root potentials. These findings
suggest that.afferent fibres acéiyated by a natural stimulus may
have effects on the spinal cord ?athways which are differen;: from
the effects exertedlby electrical stimulation of the same affe-
rents < | ,

On the other hand Laporte’ and Bessou (1959) performed expe-
riments which were b#ébd on the use of muscle stfetch rather than
electrical stimulation and found that stretch evoked excitatiom in
group II fibres, during block of impulses in group I fibres, has
an inhibitory influence on monosynaptically activated gastrocnemius
soleus motoneurones in the spinal cat. However the method was appa-
rently n;t invariébly successful and Laporte and Bessou did not test

>-

the method by recording from syte:aecondary endings during group I

block (Matthews, 1972). This latter test was performed in a more

recent study (Cangiano and Lutzemberger, 1972) which fortified

. * .
the findings of Laporte and Bessou (1959). Cangiano and Lutzem-

berger found that aélective activation (muscle stretch) of group
II afferents in the decerebrate preparation did mot produce a

stretch reflex but rather gave rise to hyperpolarization of the

gastrocnemius motoneurones. However the number of cells studied

.
- . N . «

.
,
)
‘.
)
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was small and the majority vere\identified as phasic as ;ﬁposed to ., .
‘tonic (Gramit, Phillips, Skoglund and Steg, 1951).
Other wﬁrkers haveaalso noted the absence of the stretch

rengx after blocking the %E?pp 11 afferents (Bnonet Denand, Jhmi

Joffroy and Laporte, 1972) Such bIoEﬁfaguexgg:iments may onLy

~

suggest that secohdary afferent activity cannot by itself produce_
a direct excitation of motoneuronds but rather secondary afferent

>

activity must modify the reflex effects of some other group of -

afferents. Indeed the'hypothesis by Matthews (1969) that muscle

spindle sébondary endings excite extensor motoneurones and con-

tribute to Eﬁe tonic strgtch4is based upon expé}iments utilizing

the simultaneous activ#fldh of pri;ary Qnd secondary eﬁdings. The:
present type of experiment was udable to show the nature of the.-

central éechaﬁisms which mediate the reflex efiecgf of spindle

secondary activity. However, it would appear that théﬁexcitatqry v J
process bceoirs in the spig:l,cord, since mus;le cooling caused an

increase ;n tﬁe MSR in both decerebrate and spinal animals. The

simplest suggestion is that the increase in MSR.ampliEude'a&fing )
muscle cool¥ng resulted from a.facilitation of extensor hotdgéu-
rone connectionﬁi. However the findiné fbaé only a pértion of the
MG secondary endings could have contributed to the HSR increase
during muscle cooling suggested a sfﬁond possibilityﬂ namely that
of alte;ﬁative reflex pathways from CR and NCR secondary endings;

9

one excitator§.(CR) and one inhibitory (NCR). The two pathways



¢, ; "131
.

-~

could be independent, switching on or off or .could function con-

currently, the final output be¥ng a resultant of the two opppsite
if\'?)ut S.

More direct evidence is necessary before an extensor excita-

-5 tory role for spindle group II fibres and the pathways involved .

may be regarded as established. The pregent‘éxperiments explored

the possibility that muscle cooling could provide a éelecqive in-
v put for the study of secondary afferent effects on spinal reflex

. activity. In view of the resulqg, it would be of value to éxtend

these expe*iments to include a study of the effects of muscle

cooling upon the tonic stretch reflex. Such an investigation may

XS

. | elaborate differences of the effect of secondary afferent attivity

* upon the phasic and tonic components of the stretch reflex. This
Ve . ' ) '

may demonstrate more precisely the role of secondary afferents in
spinal reflexes and firmly establish the extensor excitatory role

of spindle secondary endings suggested by Matthews (1969).

)

P e

-

)l
.

5. Relai!gu of sPindleinnumdn Sensitivity to Receptor Structure

! . The gra@ed dynamic senéitivity'ofﬂtﬁe primary, CR and NCR
. secondary endings may be exp{ained in sqwgéal,uays. The most ob-
vious explanation is to attribute the differences in sensitivity _
. . % to anatomical gifgerences, that is, gPat the three kinds of spindle

-ending lie on regions of intrafusal fibres with different mechanical

.

PN




-«

’ P} B. C. Matthews (1964) hov a simple mechanical arranganent of

132

properties. : . . T e

B. H. C: Matthews suggested in 1931 that the typical dynamic
sensitivity of many muscle receptors might refléct visco-elastic

proi:erties_’of the receptor syéfan. It has since been shown by

-

viscous and elastic intrafusgl,fibre elemegts can in fact account .

for a position and rate sensitive pattern o dischaz:ge.
. T A
Recent studies have confirmed Hacthews'model by showing

that NC and intrafusal fibges have quite different mechanical

L}

'pt‘pevties.' y behave in a purely elastic manner, whereas NB, l '..'

have ‘viscous properties. By using high speed cinematog’raphtc < N
recordi:ng"techniques Boyd (1966a, b, 1971) demonstrated  "'weak and
-sluggish" NB fibre ‘:hontracti s that may develop over one-ﬁalf a

second. NRC fibres show a much faster contractiou rate.. Smith's c

mechanical studies. (1966) included” another important point. Fol-

. .
-lowing a step ircrease in length, a .pornt_ in the central region

. <
.of the NB fibre was observed to return gradually towards the di-

" : iy : .
rection of its.original location during a time period ef ome-half

”second. A similar displacement of the qent'ral point'of the smaller

.t

chain .fibres did not -do this. More recemtly these results have -
been confirmed and extended by.Boyd and Ward (1968) who showed ‘

ei:lmcady"mm:l.cr. response of a spindle primary eiding was due to the

viacou; damping exhi.l;ited by ﬁn-intrafusal ﬂiﬁpes. These workePs .

~

° showed that ‘during muscle stretch the polar regions of -the NB. -
’ o -

. 7/
.

-~ ’ .



fibres continued to extead slowly toward and with consequent
3 A
shortening of the equatorial zone. Thus the dynamic component
- of the spindle afferent discharge was attributed to structural

differences between the central zone and the polar zomes of NB

- ~ - -

intrafusal fibres.

.

’

A demonstration of the péeseﬁce of elastic tissue in the
spindle (Gladden, 1972)'supp6rted the above conclusion aﬁd Bug-{
gested thaf ela§t1C'fibres may contribute’to fﬁe produétion of.
the primary ending dynamic response. Gladden (1972) found that
thick extracapsular elastic fibres ran intracapsularly fbrming a
netuork arong the NB intrafusal particularly in the equatorial
‘region, while scarcely any_elastic fibres lay amongst the NC
fibres. It seems likely_that the naié purpose of elastic fibres
in Ehf spindle is to ensure that_gfter a spindle has been stretched
it ié rapidly returmned to its resting shortened positiom reﬁgy‘fqr \\
3 its next episode of sfretching.- fherefore, the effect of m;sclé
. " stretch upon NB and NC intrafusal fibres is mﬁdiﬁied.by innate
prope;ties‘of,infgafu§ai elasticity and viscosity as weil as by o .
thé characteristics of, the acco;panying connective tissué;
. On the basis of current-knovledge of spindle Qnatomy the
viacosity would be lowest and:.herefore the dynamic sensitivity | ' -
: p- .
.« & greates:. in the equatorial’ r%on of the NB fibre and the visco- ﬁ
' aity~and ck of dynanic sensitivity uould be at a maxbuun in the

NC fibre and ‘polar regions of the NB fibre. An’ nrea of intermediate




sensitivity would exist in the low viscosity myotube or S, region
(Boyd, 1962) bf the NB intrafusal fibre. One possible explanation
for the discharge.pattérn of the CR secondary endings may be that

these afferents represent secondary fibres with branches to both

the N®™ fibre and the NB myotube regiod. On this basis, CR secon-

dary endings would be expected to have a8 significant dfnamic res-

ponse to muscle ‘stretch.

Despite the fact that mﬁny vorkers'(harket aud Ip, 1963;
Barker, 1967; Mayr, 1971) have stated that secondary endings
;nnervate NB as well as NC fibres, it is generaliy believed :hgt,
in acé;rdance with Boyd;s observaciéns (1962), secondary enbings
are located_exclusively‘on RC fibres; Boyd says "although most
of 1edch (sécondary) nerve ending ligs on NC fibres it is .usual
for Qome sprays associated with it to'}ie on NB fibres". The ab-
solute dynamic response of a GR secondary ending may not require -

extensive NB g(;:ryatien. X single spray to the NB myotubé re-

[y

gion may serve the sife of highest frequency during muscle
stretch (Crewe and ﬁﬁtthqws, 1964). Indeed poydﬁs recent cine-
matographic gtudies (197i) have led him.to-cogclude that thq}
'hmgnitu;e of the.secbndhry en@iug reppon;e is shown to depend

on the extent to which the terminations lie on the highly viscous
nuclear bag intrafusal fibre". . .v .

Indthe above scheme the NCR secoundary endings emerge as

structurally simpler than the prismary, or CR secondary endings.
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The lack of an"appreciable'dynamic respou;e suggests that NCR
endings may innerv.a'te the more distal NC regioms, that' is,.Boyd’'s
(1962? 52 - S4 region.

The dynamic sensitivity'of primary and CR secondary endings
may be related also by similartties in the associdtion of their -
sensory fibres to the underlying.intrafusal fibre. Electron micro-

.scope studies (Landom, 1?66) revealed trﬁugh-like structures be-
neath the terminal coils o€ primary fibres inmervating the intra-
~ fusal gquatorial l;ag region. Such troughs were not presemt in the
ﬁc fibres. This applies to both primary and secondary temmina-

tions on NC fibres.‘ Recently, cup-like cavities Have been described
for the branches o/f ‘secondary end_ings on the bag fibré, although
they were found to be not as.deep as those fdt the pr;mary'ending
(Banker and Girvin, 1971). 1t is 02 interest to speculate that
these Eimilarit@es in mechaqgcai structures may contribute in some

"way to the obs;rved difference in firing rate between primary and
CR secondary endings. | '

A second possibility which might ffcount for the difference
in dynamic sensitivity between CR and NCE secondary endings may be
the ien‘gth of the NC fibre. Lon¥® NC fibres, particularly. if. they
extend -beyond the ;pi;dle capsule koﬁld in theory extend gr;aéer

. v

lengths during muscle stretch than shorter NC fibres. The NB

4

fibres always extend an appreciable .distance beygnd the capsule

(Boyd, 1962), a structural feature that might contribute to the
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great dynamic sensitivity of the primary ending. In contrast the

majority of NC fibres end within the capsule or at the end of the
capsule, while a few project beyond it (Boyd, 1962; Bridgman,
Shumpert and Eldred, 1969; Cooper and Daniel, 1963). If CR se-
condaries are assumed to inmervate only the longer NC fibres and
if the length of the intrafusal fibre has an influence on the dy-~
namic senmsitivity ;; would follow, that in those spindles in which
long extracapsulgr<and short intracapsular fibres existed, there
might also be é difference in dynamic sensitivity in the secon-

-

daries innervating the two kinds of NC intrafusal fibre.

—

j
Further, the possibility exists that the dynamic response '

"of a CR secondary ending might originate from terminals om a se-
 parate intrafusal fibre like the ome of intermediate type de-
scribeq;by Barke¥ aﬁ& Gidumal (1961). These-workers desctibed
an intrafusal fibrg having properties inter&édiate-betweeﬁ bag
and chain intrafusaf;'id its gross morphological features.
Against this argument for éhe origin of tﬁe CR seconAafy termi-~
nation is the further observation by Barker and thﬁmal (1961)
tﬁ;t 1§termediate fibres do not predominate and are indeed ra?ely
fo;nd. In view of the large number of secondaries having a 'cold
response' the above intér;;qpation-cannot be‘suppo;ted ﬁistologl-
cally. } |

Perhaps the most intfi;uing explanation for the high dynamic
sensitivity of CR secondaries is the suggéstion_thag thesé_eu&ings

¢ |

?
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are found in simple spindles. Using the nomenclature of Ruffini
" (1898) those spindl;s with a single primary ending and no secon-
dary endings are termed simple. Adal and Barker (1962) in a

. study oﬁithe rectus femoris muscle of the cat showed that simple
spindleé J;re snaller.in length and were attach;a to smaller ;ia-
meter primaty’fibtes than were complex spindies. At present the
sensory gischarge of simple spindles has not been idemtified but
the small lemgth of :hese;spindlea togefher with their smaller
(group 11 range) afferent diameter m;ke them 4; attractive choice
to serve as CR secondaries. Indeed simple spindles are thought to
conttibute to the overlap in fibre diameter betweeﬁ the agferents
from spindle primaries aﬁd secondaries (Adal and Barker, 1962), a
finding that may correlate with the overlapping dynamic indices of

CR secondaries. The 'cold response’ secondary enﬁing may be served

by most of the above possibilities or some combination thereof. It

would be ¢of interest to compare the.prop;rties of CR and NCRhéecon-_ :

dary discharge with the anatomy of their respective afferent fibre

innervation. .Electrophygiological‘recording suppgrted by histblof
gic#és}xanination_can only be applied to snnil ;uécles with few

. péiﬁdle;. In this respect the d;stal lateral segmental muscles of
the rat tail have been examined for complexity (Andrew, Leslie and
Thompson, 1973) and would appear to present a possible site of _ :

study, since many muscles here contajfn only a siagle'apindle.

A




~

6. The Effect of Muscle Cooling on Spindle Sensory Discharge

ﬁ\—‘—’.d

- In £he present experiments it was found that the dynamic and
. static responsesof spindle endings were decreased during wmuscle
cooling; however, the two parameters were not equally affected
by temperature. .As shown in Figure 15 the static response of
_primaries, CR and NCR secondary endinés declined to a greateg .
extent than the respective dyuaqic response, when the muscle ;;S
cooled. Within the temperature decrease of 36 - 24°C the decline
’ : -~
~in static frequency was statistically significant for primaries
-and CR secondaries but not for the NCR secondaries. Lack of sig-
nificance in the latter éroup was unexpected since muscle ggoling
36 - ZAOC) cauéed‘a significant decrease in the stretch évoked
(8 and f} ) mean'sengo}i discharge éf the NCR secondery endings
r111u3trated in Fikute 6. With respect ;o‘the dynamic fesponse
only the CR secondary endings demonstrated a significant decrease
from 36 éo 24%C at. all velocities of stretch. Thu; the d;nanic
response of séretch-evoked sensory discharge appears to be less
affected by fhe low muscle tenperatute.than the static response.
In addition the significantldecreases noted for the_dynanic and
. static response of CR seécondaries suggested that this type of
. ending is most susceptible to tenperﬁture.chan;e.

I .

The cause of the decrease in the dynamic and static cohpo-

nents of the sensory discharge during cooling is not'clear;

&




Theoretically the rate of.fall of ‘the dynamic and static phase may
depend on a number of factors such as, extrafusal fibre tensign,
location.of sensory terminationé, ischemia and the visco;elaétic
properties of intrafusal fibres. Thus the decrease may mirror a
decay of tension occurring in the extrafusal fibrés Hl:zich might
be’transmitted to the intrafusal fibres. Hill (1972) has shown

in rat hindlimb muscles that tensigz‘f}jC{:;d by muscle stretch

is decreased as temperature is decreased. Various workers (Hus-

-

mark and Ottoson, 1970; Nakajima and Onodera, 1969) have pro-

vidé& evidence that there is a close quantitative éelationship

-

between receptor p_otentlal‘ and muscle tension; However, they

- point out that tension alone is not responsible for receptor po-

tential changes. Further the mechanism doe§ not appear to have

a specific effect upon the spindle semsory wrappiﬁgs, since dyna-

- mie and static discharges of primary ard secondary endings, are

not equally affected. Ischemia is probébly’not involved since
muscle cooling dig-not produce blanching of the muscle and since
spindle semsory response has a high threshold to hypoxia (Zimmer-
man and Grossie, 1969). It also has to be considered that changes

in the visco-elastic properties of the intrafusal fibres might af-

fect the timé course of the dynamic and static parameters of dis-

qharge during muscle cooling. HRowever similar thermal effects

ha@é been shown in Goigi tendon organs (Figure 8) ‘which have no

. intrafusal fibres. It would appear that further investigation is

L3 - .
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.. required in order to determine the site of actiom of cooling.

It is of 1nFetest that the dynamiciindex of all three types
of sensory ending remained unaltered during muscle cooling. The
functional significance of such a finding is not clear. It might
be suggestéd tﬂat the cold-induéed decrease in.dynamic and static
discharge could result in a decreasé in spinal motoneurone exci-
tability under conditioms of low muscle temperature. However the.
lack of a significaﬁ; dynamic index change with cooling suggested
that the spindle set{sory input to the CNS remai.ns» constaft. Such
a facfor may be.beﬁeficial in an intgzt animal exposed to iow en-
virommental fenberature since the muscle sensory input would be
relatively unaffected.

It was expected that a study of the effect of muscle cooling
upon the stretch evoked sehs;ry discharge would reveal.the origin
of the ‘'cold response'. However mu;cle cooling altered the dyna-
mic and‘stacic discha;ge of the three types of ending i; a similar
manﬁér. Indeed the dynamic index of each type of ending remained
unaltered during muscle éooliﬂg. The results sugge#ted that ;Be 
'colci response.'vis a feature of the relaxed mugcle and that a CR
seéon&ary, in 8 muscle yn&er stretch, cannot be distiﬁguished from
a primary or NCR secondary ending Sy muscle cooling.

of éonsiderable interegt was the observation that muscle
coqiiﬁg'produced-a clear separation of the dynamic and static

components of sensory dfscharge of the primary and CR secohdary




endings. In contrast the NCR afferents aivays discharge a few
action potentials during the tramsition from dynamic to static
stretch. This finding suggests that tpe NCR selondary ending
lacks an appreciable dynamic component and serves mainly to mea-
sure muscle length. 1In addition fhe different responses of CR
and NCR secondaries lend supﬁort to the earlier suggestion thag
these two types of eqding have different arrangements in their
sensory inmervation. Fit.xalw the smaller &uration of the pause
in:CR secondarie§ compared to the larger pause in primaries and
its absence in NCR secondaries pro;ides further evidence thét
spindle gndings produce a gfaéad cagﬁ}nuum of dynamic responses

as mentioned previously.

7. Muscle Spindle Sensory Endings and Thermal Sensation

The frequency characteristics of the 'cold response' were
established in a large number of secondary endings in the medial
gastrocnemius muscle. A comparison of these results with similar
obser;ations by earlier workers suggests that the 'cold response’
is a general phenomenon with consistemt charactérist;cs in spindle

éndings in a variety of species. Thus in the cat tenuissimus the

'cold response' was initiated at 32°C and reached naximu%rgctivity,

[y

12 imp/sec, at 30% (Lippold et 8l., 1960). In mice the 'cold




response' began at 32.9°C and. reached optimal activity at 26;6°C
(Banet and Séguin, 1967). In the rat the 'cold respouse' was
.initiated at 32,3°C and becamé¢ maximal at 27.6% (M.i.chal:ski and
Séguin, 1971), In the present stuﬁy the-temperatures of initia-
tion and maximum respouse were 32.5°C and 29°%¢ respectively. The

optimal activity was slightly less than 12 imp/sec. The 'cold

: resl;onse' appears to be a spe::ial and constant fe‘atur; of some
muscle spindl‘e~endings. . ' _ : |

d
The ability of some mechanoreceptors to respond to tempe-

rature changes has been known since the work of Hensel and Zotter-

8

man (195}). It is now becoming clear that thermosensiktivity is a

special feature of slowly adapting mechanoreceptors. Rapidly

. : adapting mechanoreceptors such as the Pacimnian corpuscle (Loewen~
stein, 1961) and the hair follicle. (Brown and Iggo, 1967) are

weakly excited by cold, if at all. However a wariety of slow'ly

rd

adapting mechanoreceptors in cats and primates- have been shown S

to respond to temperature changes by maiﬁtaining di.f_‘t'erent firing

L3

rates at different maintained temperatures, For example the .pri-

. mate T + M me;:hanoreéepﬁors (Poules and Lende, 19'70)' and cat type
I; receptors .(Burton, Terashima and Clark, 1972'5 respon% to 'con‘- N
/ stant temperatutes with frequency responses that indicate tow
firing' rates at 41°C,'maximn activ.ity around 29°C and .slowing
of 'tt_xe digcharge rate at lower tanpératq?es. It seems obvio‘s

therefore that the temperature respon'ses of slowly adapting

-
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mechanoreceptors, including CR secondary endings, may be compared

.

to the response of specifig thermoreceptors.

Temperature sensitivity curves for cutanéous thermoreceptors _Jk\

in the cat, rat and primate are bell shaped with some narrow range

—
of temperature at which the frequency of discharge is maximal and

a range of higher and lower temperatures at which the discharge is

less frequent. The average maximum static discharge of cold fibres
i .

from the infraogpital nerve of the cat was 8.5 ﬁﬂp/sec at 28°C;

—

' the cold fibres became active below 41°C and decreased in frequency

s

o~

o : 0 .
below 28°¢C (Hensel and Wurster, 1970). Iggo (1968) found that éqld

fibres iq the scrotal skin of the rat hgve a regular discharge at
different.températures wiéﬁ a ﬁéximum_gctivity of slighgly less- .
than 10 imp/sec at 28°C. The diécharge of cold fibres in hairy
and glabrous skin of the primates appeared within the temperature
range of 18 - 40°¢C with optimal activity at 30° C.

The frequency of the cold respomse may be compared t; that
of a cold tempgrature receptor in three ways. First the 'cold ' ’
response’ has a different frequency for different temperatures
over a wide_range of mainfained temperatures.,’ Second thé"coid
response’ reaches a steady discharge rate at a constant tempera-

L ' ~

ture almost immediately after temperature change. Findlly the

'cold response' has_a frequency curve‘simiIAt”to that of-a true

cold theﬁnqreceptor. ‘But in contrast several characteristics*

(

distinguish the icold respanse’ from that of true cold

o



%
’

¢ . . .
‘thermoreceptors., - The conduction velocities of CR secondaries are
o

-

much higher than those of thermbteceptors; ranging from 20-70 m/sec
which corresponds to an axon éiam;ter of 3-to 12 p (Hursh, 1939).

The- fastest cold receptor axon in g;im;tes and sub-primates were

less than 20 m/sec; 15.3 m/sec in monkeys.and 18 m/sec in the do;
and could be as low as 0.6 m/se¢ (Iggo, 1969). ThermoreCeétors N
repqrted in the skin of the rat, cat and dog (Iggo,”195§; Heﬁsel,
I1ggo and wire, 1960;. Iriuchijimé and Zotterman, 1960) had con;uc-
tion vélocities.leqs than 1.5 m/sec. It is well d;tuménted that
thermoreceptors fire at ;.higher Erequenc§ during a change of.temr
perature than they do at a constant temperature. Tte fihding by
Iggo and Iggé (1971) that impultes-troﬁ.told tetgptors occurreé —
in bursts dyying temperature changes is‘in.agfeement with previous.
resultéyiﬂ the linguaf'nerve of catsykﬂénsel hné Zotterman, i951;
Dodt,.1952) in_the infraofbital nerve ot’cats {Hensel and Wurster,
1970) -and dpgs (1ggo, 1969). This capécity to detect bath tempe-
rature ;;h the rate of“thadgb of‘tegperature is not demonstrated
byAthe"cold response' whose frequency depends upon the absolute
temperature'(Lippold et al., 1960). Ttird ®rue cold thermorecep-
tors have a high sensitivity to temperature stimulation and are
able to respond to cooling some tenths of a degree beléw 40°¢

r

(Hensel and Zotterman, 1951; ‘Heﬂsel and Wurster, 1970; 1ggo,

1968). 1In contrast the 'cold fesponse' was initiated only mnear

32°C. Finally the high sensitivity of CR secondaries to the
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velocity and length of muscle stretch indicates that such afferents

should function ‘primarily as stretch receptors. This latter dif-

L 3

ference is supported by the finding that the 'cold response' de-

creased or even disappeared, when the stretched muscle was cooled. -

L

Despite the dual sensitivify of a CR sécondary to two forms

A
of stimuli it would not seem possible that the activity from the
CR ending could be confused with a true thermoreception by the
CNS. While the similarities between the 'cold response and the

.

frequency of a cold thermoreceptor raise tﬂl problem of receptor

e

specxficity, there is no evidence that the ‘cold response' con-
tributes in any way to themmal reflexes or perceptioﬁ; Further

work would be required before the 'cold response' may be assigned

a positive role in thermal sensation. S .

v
- ' . .'. '

- c y
k: . .

8.3 Possiile Mechanisms for the Orgg;n\QQ the ‘Cold kesponse'

]
™

/ The mechanism by which the CR endings respond to thenuﬂi

-\4‘«*""

stimulation is not known. fMppold et gl. (1960) suggested several

possible explanatjions for the origin of the 'cold response’ in

" muscle spindles. Their mostlattractive explanatién was that

muscle cooling acts directly by dépolarizing the membrane of

nerve “endings. ‘Such an explanation is do&btfﬁl in view of the

4

presant experiments which have shown that the 'cold response' is

™ T N
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-specific to ome t)-riae of spindle en}ﬁ?g. It is'difftcult to imagine .

how muscle cooling has an excitatory action om the CR sqgondar)y

. , . o

- ending, while the primai'y and NCR secondary endingsg are unsuscep-

A Y

tible to the same stimulus. .

a

Two further hypotheses may be invoked to explain the origin
N | . _ R
'of the 'cold response'. Common to both is the assumption that

~
-

;’f;; muscle coohng alters the physical properties of muscle _surroundings

-

¢ -

a 5;7‘- the spindle, such that the CR secondary endings are d.epolarized

, noted that resting ten'qon in rat hindlimb muscles. was less at
T «
% lower than at snigher temperatures.’ Hith respect to the cold
4 % -

,.# response’ 'the hypethesis may be-advanced that during muscle cooling

" tension in the relaxed muscle_‘ decreased allowing extrafusal fibres.

5

. to lengthen. This slight. stretch of the‘ extrafusal fibre would '

.+ exert an influence on the longer NB intrafus®l, fibres of tha muscle .
spindle. if it is assumed that CR secondaries are represented by .

those secondaries with tem!inals oy both NB and NC intrafusal fibres
W
4
u fol.lovs that a small stretch of the ljB fibre -might initiate a de- >,
e ’

polarization of ‘the branch of the CR secondary on the”RB myotub’e x

-

region. The suggestion that the ‘cold tesponse is specific to only

one branch -of the sensory innervation of a CR secondary ending is -

supported by the finding that muscle stretch decr.?ased or abolished .V

the cold r.esponse . This disappearance bf the coId .qesponse may

" be explained by the pacemaker hypothesis of Crowe and Matthews
L] . . .
- e
- ) * ' [
A\ ] . - 3
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(1964). These workers suggested that impulses in the spimdle are

*

initiated -in one*dr more pacesdaker regions and that the discharge -

seen in the main afferent fibre at any tiiie' is that of tl-fe/ pacer -~

ukef vith the higinest frequency. This could lead to occlusion

of the 'cold response'- and :here is some suggestion;that this is

occurrin& in the present experiments (Figure 5). A similar form

. of occlusion has been repoted‘by.'Bess‘dﬁ, Laporte ‘and Pages (1968) '

for the effects of static stret.ch on the responsds elicited by, ‘

dynamic .f\.'ls.iinotor fibres. ' ' - .. . .
A second alternatiye for the "'cold response' mechanism i{s the {

) 'Y
suggestion that uuscl-e cooling initiated a. ‘cold tension similar,

. ’co that described by H:l)‘l (1972) Hill reported that cooling of

) i;he rat soleus below 15°C initfnlly dect{sed tht resting n'xuscle .

. ‘. .
tension but further ceoling caused an increase in temsion. Al-

“tbougé the cold tension was not large (< 1 gm) it might be .suf- . »

fici.e'nt-'to stretch.NB intrafusal 'fi{bres and excite the branch of
the CR secondary ending 1nnemt1ng the NB nyotube region. Hill
' \
further noted that the mgn'ltude of "cold‘ tenoion' de¢reased when .’

‘the mudcle vas ex:e&ed, a finding that might relate to the occlus

L .
I 4 - 4 .
- 4

“w
sidn. of the 'cold response' with stretch. Moreover the ‘cold
: v &

. L4 ' ° N R
tension’ developed slowly et first but moré rapidly as cooling . .
. \ ‘o v ‘

proceedéd. It i.s noteworthy that the 'cold response' had a tem- o,
. ' ' . ‘ ) : . . ' .
perature threshold {.e. 32 c.\ - N

The cold tension’ m; itiated below 16°C Mt- soleus -
. ) A » \ N

. p P
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4
(HL11, 3972) while the 'cold response' beg#PE at approximately 32%.

However in,the same study HYll found that the extensor digitorym
\
lofigus had a smaller 'cold temsion' than the soleus and a much lo-

wer temperature of initiation. Unfortunately a comparative study
. . . "

of 'cold tension' is not available but it is of interest to specu-

late that different hindlimb muscles of the cat might have a wide

magnitude and optimum temperature raﬂée fox 'cold temsion'. \5

¢ The above hypothéses raise the question of specific excita-

o

=

txon-of NB myotube secondar¥ terminals as opposed to NB equatorial
or NC ®ensery endings. Such specificity may be attributed to the

mechanical arrangement of the NB intrafusal fibre. The mp;hanicalﬁ

<
»

< studies of Boyd and Ward (1968) as well as those of Smith (1966)

have revealed thif during spindle stretch :he equatorial region

s

- of the NB fibre shortens, returning to its pre-stretch length,

wheneiﬁ,sdﬁ;\more polar regions concinue to extend‘afcet stretch

and remain elongated during maintained stretch. Thus the myotube

A - : . . ' o N )
area of the NB fibre'would be under slight extemsion which could

lead to excitatio& of the secondary,ending. Since the ::7sion

ually

-

N "' changes in botk scjmenes would be small the short and u

. intracapsular N¢ intrafusal fibres would be relativgly.tnsensi-

tive to the stretch.

~ .- ERN Y S

L] r »
Despite the above suggestions it is clear that an explana-
. - .. -
tion of the 'cold respogse' mechanism requires further experimen--
’ ) _0‘ - ' N

tation. It is éuggested therefore, that an exploration of thé L




<&
. muscle ‘spindle intrafusal fibres and. associated nerve terminals by

. microelectrode techniques is a necessity, if the origin of the

'cold response’ is to be completely understood.




VI. SUMMARY AND CONCLUSIONS  =—

*

< ' 7

r

- Cooling of the relaxed medial gastrocnem{hs muscle in the
V.

.cat caused an afferent discharge, 'cold respouse', in previously

*
“ -

]
silent, de-efferented sensory endings of muscle spindles. The

origin of this response and its reflex effects were studied in 61
cats.

1. - -The mean temperature initiating semsory discharge in 30

‘cold resp&nse' spindie endings:was 31.7°C and the mean maximum

frequency reached 11.8 imp/sec at a mean tempetaiure of 29.5%.

2.. An analysis of 162 sngle. afferent fibres showed that thé
'cold responsf' originate@ only in the spindle secondary éndings,
thoée haviné‘group II afferent co;ducgiggivelocities (20-70-m/

sec). The remainder of the secondary endings and all of‘the'pri-

mary endings were activated omly by stretch of the muscle. .On.

]
-~

the basis of their response to cooling of the relaxed nuscle,

secondafy endinés were clagsified into two different t;pes. CR

rd

and NCR secondary endings.

3. Muscle spindle eudings which did not have i"cqld response'
gave a stéady discﬁarge during maintgined stretch that decreased.

during muscle c?oling. fhe CR secondary endings still showed

-~V .
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some evidence of a 'cold response' superimposed upon the steady

)

discharge eli‘cited.by moderate stretch (up to 8 mm). However the .

'cold response’ was abolished by further stretch.

-

v . .
W— -
“»

4,  Investigation of the semsory discharge of grimary, CR and

NCR secondary endings was performed by stretching the muscle 10
9 “ ~

mn at 5-70 m/éec_. Increading the velocity of streéch i‘creased

the mean dymamic indic;s for the pt‘imary‘ and CR secondary.endings,

. but at any.given velocity the mean'dyn;mic index was always signi-
ficantly grear;er for primary endings than for CR seconda.ry end‘ings‘.

However some of thé CR Secondary endings were as 'sensitive to

A
stretch as the least sensitive of the p}imary endings. The NCR

secondary endings were relatively insemsitive to the dynamic ski-
mulus of muscle stretch and had stretch response characteristics

similar to those classically ascribed to secondary .endings (Cooper,

1959, 1961).
Fs

1]

s

5.  'The mean static responses (measured 0.5 sec’ after the end of

ramp stretch) of primary and CR secbndary endings were the same

e ~

and Both were significantly greater than those of the NCR secon-

hd dary endings.

6.  The rate of adaptation was greatest for tbe NCR se;:ondiry

e\Tings. These endings were dihcharging at a steady rate




appropriate to the new level of maintained stretch before adaptation

was complete in primary and CR secondary endings.

7. The response of-siugle afferent spindle endings was studied
at different temperatures (36 - 24°C)‘and at different velocities
of muscle stretch (10-50 mm/sec). The mean dynamic respoéée of ’

- -

the CR s;condaries was Qignificantly les; at 34°C than at 36°C at -
" all velocities of s reéchz Cooling éecreased the mean dynamic
"egponse of prfmary and NCR seco.nd'éry'ending.s but this decrease
was not statistica&ly'significant at al] velocities of stretch.
In contggst cooling depressed :he‘mean.statié response more than
the mean dynamic response for all endings. There was a signifi-
éant difference bét;gen the mean static response at 36°C and that o
at 24°c for primary and CR endings but not for the Wsecondary o
endings. The épan dynamic indices for each of the three types |

of ending were not significantly changed by muscle cooling.

‘8. Muscle cooling increased the duration of the ‘pause’ be-

tween Ehe dynamic and static components of the sensory dfscharge

. -

of primary and CR secondary endings but ot that of the NCR se-»
. condary endings.

N - . -
R - PR . .

9. It is concluded that.CR secondary endings have dynamic

. properiies intermediate between those of thgvpglnary and NCR

-




"
PN
Fan

dary endings are the samg, It is suggested that secon&ary endings

secondary endings. The static propérties of primary and CR secon-

differ in their sensitivity to muscle stretch in as much as those s

-

that respond to cold measure length plus velocity, whereas the re-

mainder mainly measure leggth. Further, the high dynamic sensiti-
- .
vity of CR secondaries suggests that these endings are functionally

similar to primary endings.

.
o

- -

[

.10. Selective stimulation of secondary endings by coeling of the

de-efferented muscle combined with monosynaptic testing provided a
method® for stﬁdying the role of secéndary endings in spinal reflex
activity. 1In both decerebrate and spinal cats cooling the relaxed

medial gastrﬁ%nemiué muscle initially decreased the heteronymous

[ 3
~

monosynaptic response from the lateral gastrocnemius soleus nerve

but further cobling increased the reflex résponsé. These changes

in central @ccitabill‘ originated in the medli'al gastrocnemius
. ]

muscle, since sectign O0f the nerve to that muscle or blocking it

with proctaine abolished the cold-induced increase of the monosy-

naptic response. -

It is suggested that during cooling of the relaxed muacle

the monosynaptic'responée was initially decreased becaq;e of a

reduction in background activity frow éhe'prinary spindle endings

and was subsequently {ncreased by afferent activity from the CR

-

N 7
secondary endings. These results previde further evidence for

-
A
. -
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. - : 4
the hypothesis (Matthews, 1969) that muscle spindle secondary endings

-

may excite extensor motpueurones.
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APPENDIX A

-

Qg;erminatio% of Intramuscplar Temperature Chahges During Cooling of

the ‘Relaxed Medial Gastrocnemius Muscle

Figure 1 of Appendix A deménstratés the intramuscular témpera-
ture changes taking place during cooling of the @edial %fstrocnemius
muscle. The intramuscllar temperature decrease in the various depths
of the muscle was computed from the temperatures’recorded at the tip
of a 24 gauge needle thermistor (Ys1 C&., Model 524). The thermis-
tor was mounted on a micromanipulator and. the intramuscular tempera-
ture was measured at 6 different positions (%art A) along the muscle
length by the Yollowi;g proceﬁ?ré. AtAgéch éosition‘the thermistor
tip was first fixed'At the muscle surfaée'(lev;l 0) and the muscle
cooied using the method outlined abové. Tﬁe time interval for each
O.SOC‘;hange in temperature from 3675°C to 24°C was measured. The’
muscle was then rewarmed, the thermistor advanced, B, to a depth of
1 mm from the surface (level 1). and muscle cooling repeated. Upon
éub%equent-r;warming the thermistor was again advanced until the

Eemperaturé had been sampled at each positiPn at all muscle depths.

For each coo}ing the frigistor was operated at a constant DC level

and ‘the heat sink cooled with water at 2 to 3°C. Thus the time

.

igterval for each 0.5°C cooling increment at successive muscle
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FIGURE 1 °
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Illustrates intramuscular tempetature changes when the MG muscle

was cooled in vivg by placxng the frigistor on the skig of the

latetal surface of the muscle.

* At_'

N

N .
Surf&ce view of the MG musclé. %A 24 gauge needle thermis-

tor mounted on a micromanipulator was used to measure ‘the *
intramuscular temperature chénges at 6 different poéitions,
l em ap;rt, along the muscle }ength: Position 1 is loc€§gd

at the muscle origin, positiop'6 at.the muscle insertion.

Cross sectional view along the position line {Ilustrated

{n part A, Intramuscular_temperaturé chapges 'were measured
”

first at'all léﬁels of position l; then all depths'of'the
successive muscle posit¥ons, 2, 3, 4, 5 and 6, were mo-

nitared. _ '

-

”
. -

The rate of change of intramuscular- temperature at each
level for the 6 positions of part B is shown in the curves
of part C. Eacﬁ cooling curve represents the ‘time (ordfk'

- nate) required to cool the muscle from 36. 5% vo 24°C

(abscissae), For each of the 6 gositions the series of

coéling_cutfgs correspoﬁds to the temperature chanzes

reﬁprded at the differént'levebg.g
5 A R

In eacﬁ”eﬁberiment muscle cooling was monitdred at posi-

. tion 4 level 0. The cdoling curves show that all arfeas

of thé‘mpnéle are cooled to 24?C before position 4-level .

0. S -}

P
3
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-_ show the intramuscular dépth to which muscle ceoling proce&ds‘,af

a function of _t‘_i{ne-n From these findings it follows that muscle

cooling spreads in the'fors of a gradient thrdughout the muscle
' . ) . s = ) :
tissue. For example at position 5 when the temperature reached

30°C at level 3, it was _32.6°C at level 2 énd 35.6°C at. the muscle
' . ‘ ' . 4

. sur‘.fz;ce (levél o). Y 1n addition the temperature}rad@ent is not
.  J .

giform at different positions aI_ong the muscle; that is, the
. — \
temperature diff'usion was slower in the th%ker regions than ‘in

the thin regions. At position 5 level 0 reached 23°C in 5 mi-

. , ‘¢ .
nutds 30 seconds, while the same at positidp 2 requited 12.

‘minutes 8 seconds to reach f’.éop. “Despite thesg¢ differences in

the rate'of‘te‘perachre éhhnge at different fegioné of the muscle
. ’ Q. ..
¥ - N -
it must’be noted that wuscle cooling spread to all muscle depths
. . & > .

from the frigistor surface to the opposite muscle surfacé., - Since

';’_i%he.preseqt experiments muscle cooling wa? measured at the .

. [ Q .« ) .
_sition &), it,is suggested that all parts of the muscle‘are ex-

" the method of

th'igkesc_- part of the medial gastrocmemius, 5.5 mm, (level 6-, po-

3 i .

posad tb'tKér?ture changes from &t least 37 to Z{ooc ard that ’

oling.enpioyed ia 'the,. present study is sufficient

. . ) ) )
“ to reach 21l spindles. At this positfon muscle cgoling (37 - -

-

T
-

L 2

-

>

L\

2430): in elbh experimpat g‘et‘;erally i'ecfhired 15 mi.n,' a rate of

. - . Y
[s) .
0.9,C/minute. s ‘ ' .
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Method ¢ Display of Instanmtaneous Frequency >
, . “

" The frequency of «ﬁscharge of spindle endings was determined

e

by a direct disﬁii}qﬁ\their instantaneous érequenéy; The action

~

potentials -triggered a PDP;]?\B&quter and -thé computer
:outpu‘t coula be displ.;;véc‘l on a 'I:e}{tron' 56\5\%sci£iloscope. " The
cc:nputér program of 1nséaﬁtaneous=frequencg ‘anal?&is utiliz‘ed in
th; present experix;xents was developéd fo;- the Pi)P;lz cc;:p:er b;v
Dr. G. K. Smith, Asséciate Professor, Department qf Psycﬁology,
Méﬁaster University, Hamilton: mtari;':’. An e;cam‘ple ‘of the in-

stantaneoud frequendy display is illustrated in Figurg 2 &t

Appendix B. ) .




FIGURE 2

The response of a primary ending shﬁwn by means of a direct

display of its frequency. Each spbt repres{nts one action

poteﬁtipl and its heighi above zero (see scale on left) is

‘proportional to the reciprocal of sthe time interval sinc®
the preceding action potﬂnsiar (i.es instantaneous frequency)

The record shows the response of an ending to a streéth of

4

10 mm ;pplied at 101un/sec. The dyuamic pRase of stretdhing

- 1s indicated by the bar beneath the record Afferent fibre

© e
L

conduction velocity 86 m/sec. *
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MSR
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APPENDIX C . , )

- L)

List of Abbreviations

~

cold response secondary

‘ »
lateral gastrocnemius soleuss

megdial gastrocnemius soleus |

monosynaptic reflex’
non cold response secondary.

nuclear bag’
)

nuclear Ehain

themal and mecharical
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