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A survey of the literature relating to nociception that forms the
first part of this thesis reveals the continuing difficulties in defining pain and
explaining the mechanisms by which it may be produced. Consideration of the circum¬
stances in which pain may be experienced in skeletal muscles suggests that high-
threshold receptors in these muscles are likely to resemble those in the skin and the
viscera and respond to severe pressure, gross thermal changes and/or the administration
of some putative algetic substances. Neurophysiological recordings of discharges in
single sensory nerve fibres show that most individual sensory receptors respond only to

specific stimuli, and that skeletal muscle nociceptors, of which very few studies have
been made, form a distinct subgroup. Recordings from the spinocervical tract and other

sensory pathways in the spinal cord and brain show that significant inhibition of the
transmission of discharges from peripheral nociceptors occurs within the lumbar segments
of the spinal cord.

The experiments summarised in Section II were performed in order
to isolate and characterize nociceptors associated with the gastrocnemius and soleus
muscles in the cat and the rabbit. Host of the nociceptors isolated were located in
the region of the musculotendinous junctions, and responded to severe pressure by

producing a relatively low-frequency, low amplitude discharge that disappeared within
30 seconds of the removal of the stimulus. Host of these discharges were transmitted

through small-diameter nerve fibres. Some receptors also responded to temperature

changes or to infusions of acetylcholine, histamine, 5-hydroxytryptamine or prosta¬

glandin solutions.
The chronic experiments in cats and rabbits described in Section

III confirmed previous observations, in the macaque mon: ey, that the size of a dermatome
isolated by the 'method of remaining sensibility' is greater when the appropriate spinal
nerves are sectioned distal to the dorsal root ganglia than it is when the dorsal root3
of the same spinal nerves are sectioned within the dura mater. Recordings of activity
in dorsal spinal nerve rootlets made in the acute experiments described in the same

Section have revealed for the first time that spontaneous discharges can arise within
dorsal root ganglia which have been surgically isolated from the periphery. These

discharges are again of low frequency afid amplitude, and appear to be conducted in
small-diameter fibres.

/Experiments



Experiments undertaken conjointly with Drs A.G. Brora and
H.P, Plartin III and summarised in Section IV revealed marked similarities between

segmentally-evoked inhibition of transmission through the spinocervical tract and the
inhibition evoked by stimulation of the cervical segments of the spinal cord, and it

suggested that the same segmental nociceptive mechanisms may operate in each case.

The inhibition has its greatest effect on Impulses in polysynaptic pathways and in the
smaller-diameter peripheral nerve fibres.

The concluding discussion, in Section V, considers the likely

significance of the discharges recorded at each of the three levels of the nervous

system —- the periphery, the dorsal root ganglia and the spinal cord in

nociceptive sensory mechanisms, and suggests that the present study has provided a

useful basis for further studies at each of these levels.



A NEUROPHYS10LOGICAL STUDY OF NOCICEPTIVE

SENSORY MECHANISMS

by

Edwin J. Kirk

THESIS

Presented for the degree of Doctor of Philosophy

of the University of Edinburgh

in the Faculty of Veterinary Medicine

May, 197^

Ay'hi



ACKNOWLEDGEMENTS

I welcome this opportunity to acknowledge my debt to

my Supervisor, Professor A. Iggo, for providing the opportunity

to undertake this study, for his interest in my progress, and

for the excellent facilities he has made available. I am

also particularly indebted to Dr. A.G. Brown for welcoming

me as a collaborator, with Dr. H.F. Martin, III, in studies

of the spinocervical tract, and for many helpful discussions.

Dr. R.L. Ramsey gave me advice on electronic circuitry and,

together with Dr. D.W. Young, introduced me to the PDP-12

Computer.

I owe special thanks to Mrs. J.L. Croal for the great

deal of enthusiastic and very competent technical assistance

she has given, Mr. C.M. Warwick for his willing help with

photography and for the care he has taken in the preparation

of the Figures, and Mr. R.B. Hume for assistance associated

with the experiments described in Section IV. Mr. R. Clark

and Mr. R.A.M. Dickson manufactured special items of equip¬

ment, Mr. B.R.L. Boardman and Mr. B. Cameron helped with many

electronic problems, and Mr. 8. Robertson prepared the histo¬

logical material described in Sections II and III. I am

also grateful to Mr. G. Allan, Mrs. J.L. Anderson and Mr,

R. Cockburn for technical help on many occasions ; Mr. R.H.

Anderson, Mrs. J. Mackenzie and Miss J.D. Waddell for their

assistance in the care of experimental animals; Mrs. M. Maclvor

and the members of her Library staff for their unfailing



helpfulness; and to my colleagues in the Department for their

friendly interest in my progress.

I am indebted to the Wellcome Foundation for the use

of the facilities of the Wellcome Animal Research Unit in

the University of Edinburgh, and to the Agricultural Research

Council for financial support. The prostaglandins used in

Section II were donated to Professor Iggo by the Upjohn

Company, Kalamazoo, Michigan, U.S.A.



CONJOINT WORK AND PUBLISHED MATERIAL

The findings related to the inhibition of trans¬

mission through the spinocervical tract that are reported

in Section IV of this thesis have been published, -with the

consent of the author's Supervisor, in the following con¬

joint articles:

Brown, A.G. and Kirk, E.J. (1972). Ipsilateral and

contralateral inhibitory actions on transmission

through the spinocervical tract. Brain Research,

U_3, 268-271.

Brown, A.G., Kirk, E.J. and Martin, H.F. III (1972).

The actions and locations in the spinal cord of

descending pathways that inhibit transmission through

the spinocervical tract. The Journal of Physiology,

223, 27P-28P.

Brown, A.G., Kirk, E.J. and Martin, H.F. Ill (1973).

Descending and segmental inhibition of transmission

through the spinocervical tract. The Journal of

Physiology, 230, 689-705.

The author wishes to emphasise that although he assisted in

the analyses of the data represented, Figures IV.2, Iv.3 and

IV.5 ~ IV.8 in this thesis, together with the figurines used

in Figures IV.^ and IV.9» were constructed by Dr. A.G. Brown,

and Figure IV.10 was compiled conjointly with Dr. Brown and

Dr. H.F. Martin III.



The investigations described in Sections II and III,

and the composition of this thesis , have been the author's

independent work.

A paper "based on the findings reported in Section III

of this thesis and entitled:

'Impulses in dorsal spinal nerve rootlets in cats and

rabbits arising from dorsal root ganglia isolated from the

periphery1

has teen submitted by the author, with the approval

of his Supervisor, to the Journal of Comparative heurology,

and accepted for publication.



SUMMARY

The survey of the literature relating to nociception

that forms the first part of this thesis reveals the con¬

tinuing difficulties in defining pain and explaining the

mechanisms by which it may be produced. Consideration of

the circumstances in which pain may be experienced in skeletal

muscles suggests that high-threshold receptors in these muscles

are likely to resemble those in the skin and the viscera and

respond to severe pressure, gross thermal changes and/or the

administration of some putative algetic substances. Neuro¬

physiologies! recordings of discharges in single sensory nerve

fibres show that moat individual sensory receptors respond

only to specific stimuli, and that skeletal muscle nociceptors,

of which very few studies have been made, form a distinct sub¬

group. Recordings from the spinocervical tract and other

sensory pathways in the spinal cord and brain 3how that

significant inhibition of the transmission of discharges from

peripheral nociceptors occurs within the lumbar segments of

the spinal cord.

The experiments summarised in Section II were performed

in order to isolate and characterise nociceptors associated

with the gastrocnemius and soleua muscles in the cat and the

rabbit. Most of the nociceptors isolated were located in

the region of the musculotendinous junctions, and responded

to severe pressure by producing a relatively low-frequency,



low-amplitude discharge that disappeared within 30 seconds

of the removal of the stimulus. Most of these discharges

were transmitted through a smaller-diameter nerve fibres.

Some receptors also responded to temperature changes or to

infusions of acetylcholine, histamine, 5~hydroxytryptamine

or prostaglandin solutions.

The chronic experiments in cats and rabbits described

in Section III confirmed previous observations, in the macaque

monkey, that the 3ize of a dermatome isolated by the 'method

of remaining sensibility' is greater when the appropriate

spinal nerves are sectioned distal to the dorsal root ganglia

than it is when the dorsal roots of the same spinal nerves

are sectioned within the dura mater. Recordings of activity

in dorsal spinal nerve rootlets made in the acute experiments

described in the same Section have revealed for the first time

that spontaneous discharges can arise within dorsal root

ganglia which have been surgically isolated from the periphery.

These discharges are again of low frequency and amplitude,

and appear to be conducted in small-diameter fibres.

Experiments undertaken conjointly with Drs. A.G. Brown

and H.F. Martin III and summarised in Section IV revealed

marked similarities between segmentally-evoked inhibition of

transmission through the spinocervical tract and the inhibition

evoked by stimulation of the cervical segments of the spinal

cord, and it is suggested that the same segmental nociceptive

mechanisms may operate in each case. The inhibition has its



greatest effect on impulses in polysynaptic pathways and in

the smaller-diameter peripheral nerve fibres.

The concluding discussion, in Section V, considers the

likely significance of the discharges recorded at each of

the three levels of the nervous system - the periphery, the

dorsal root ganglia and the spinal cord - in nociceptive

sensory mechanisms, and suggests that the present study has

provided a useful basis for further studies at each of these

levels.
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SECTION I - LITERATURE REVIEW
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A iVEUROPriYSIGLOQICAL STUDY OP NOCICEPTIVE

SENSORY MECHANISMS

Introduction

Stimuli that duaage» or threaten to damage, the

integrity of tissues usually evoke vigorous reactions from

animals, irrespective of their aegree of evolutionary com¬

plexity. The reactions of tae aigher animals can range

from simple flexion movements analogous to the withdrawal

responses of tne lower invertebrates to active retaliation

or anticipatory avoidance. humans associate sensations of

pain with noxious stimuli, ana the response of other higher

animals suggest that they experience comparable sensations,

he should li&e to auow a great ueal more of the sensory

mechanisms through which these reactions are initiated and.

pam is perceived, ana tne present study has sought to con¬

tribute towards this goal by extending our knowledge of the

aeuro^uysioiogieal characteristics of nociceptors associated

with skeletal muscles ana by investigating some of fcae

mechanisms affecting the extent to which sensory impulses

arising in somatic nociceptors are transmitted through the

spinal cora. The term 'nociceptor1 is used, in aceora with

Sherrington's (I90i) use of 'nocicipieat* to describe sensory

receptors that respond specifically to noxious stimuli. The

two species used iu the experiments to be described have been

the cat (feli a cat us Linnaeus , 17 > 3 ) and the rabbit

( Dry ctoia&us cuniculus Linnaeus , 1753) •
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This thesis has five major sections. A review of the

literature on nociceptive sensory mechanisms is followed,

in the second part, by an account of a study of nociceptors

associated with the gastrocnemius and soleus muscles of

the hindlimb. The significance of discharges arising

within dorsal root ganglia that have been isolated from the

periphery is considered in the third section, and an account

of a study of inhibition of transmission through the spino-

cervical tract, performed conjointly with Drs . A.G. Brown

and H.F. Martin III, forms the fourth division. The con¬

cluding discussion considers the extent to which information

conveyed in discharges from somatic nociceptors may be used

by the animal.

SBCTIOH I ~ LITERATURE REVIEW

The continuing difficulties in defining pain, the

considerable debate over the existence of specific receptors

of noxious stimuli, and the fact that most of the nociceptors

isolated have been in cutaneous and visceral structures

(rather than in somatic muscle) feature prominently in the

background to the present investigation.

I.1 Concepts of Nociception

In the 4th century B.C. Aristotle described pain as

an emotional response, and it was long regarded as a result

of excessive stimulation of receptors of one or more of four

primary senses - touch, taste, sight and smell (Osier, 1921;



Singer, I9hkj brazier, 1959)* Mliller'a (163*0 'law of

specific nerve energies' proposed that the receptors for

each sensory modality have independent afferent fibres and

separate representation in the central nervous system, and

consolidated tne growing idea that pain was a sensation in

its own right. Von Frey (169*0 extended the concept to

account for the differences between sense qualities. iiis

'punctate sensibility' tneory asserted (iioeke, lyhO) taat

the skin contains a mosaic of receptors, each subserving a

separate sensory modality, without, however, tne likelihood

of distinct end-organs for neat or pain.

The relatioa between stimulation and perception had

been aefiued in Weber's (lbhb) report that tne increment ih

tne intensity of a stimulus necessary to produce wuat

Fecuaer (look) was to call a 'just-noticeable-difference' in

sensation was a constant fraction of tne initial stiaulus-

iateasity. While Fecnner nimself proposed (loc. cit) that

a 'quantity' of sensation is proportional to the logaritaa

of the s tiiaulua-iutensity, Golusch^eider (169*0 was apparently
the first to suggest that central summation as well as

sti»auius — intensity is important in determining sensitivity

to pain (Granit, 1955)• Host recent investigators of

algetics have applied some type of ordinal assessment of

sensation to Stevens's (1951, 19bl) power relation between

stimulus-intensity and resultant sensation.

Gpeeific end-organs for 'position sense' were embodied
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ia Sherrington * a (1906) distinction between proprioceptors

and exteroceptora. An awareness of limb position implies

that discharges from peripheral receptors reach conscious¬

ness (Brinaley and Mertoa, 19bQ) , and although the receptors

involved appear to be associated with joints rather than

with muscle fibres {Geifan and Carter, 1967), the possibility

remains taat excessive stimulation of these receptors may-

produce pain. beep sensibility was recognised, along with

protopathic and epicritic cutaneous sensibility, by Mead,

Hivers and Sherrea (1905). Mead and his co-workers

attributed the development of cutaneous hyperesthesia

following nerve injury to differences in the rate of regenera¬

tion and ia the extent of spread of of the afferent fibres

in the protopataie and epicritic systems. Their concept of

a diffuse somatic innervation is partially supported by the

finding (Kirk. and Danny-Brown, 1970) of extensive overlapping

of dermatomes ia the maeaq.ua monkey comparable with the

extensive overlapping of the viscerotoaea (flaxarika, Coote

and Dowaaan, 19bh).

Lewis and Pochin (1936) linked the subjective differen¬

tiation which Head et al. (1905) had already made between

'fa3t* and 'slow* pains following a noxious stimulus to

differences ia the conduction velocities of tne nerve fibres

(see Bection 1.3). The belief that pain is evoked largely

by impulses transmitted through slowly-conducting nerve

fibres encouraged the concept that stimulation of receptors



(5)

associated with 3mall-diameter fibres produces generalised

flexion responses. B.M. Secies and Lundberg (1959) were

the first to use the term 'Flexor Reflex Afferents' (FRAs)

to describe small fibres conducting impulses from nocicep¬

tors. The functional similarity credited to these small

fibres, wnether they conducted impulses from shin, muscles

or joints, or were fibres in the 3pinal cord (holaqvist and

Lundberg, 1961, Jankowska, Jukes, Lund and Lundberg, 1967)

was at variance with the specificity in the sensitivities

of individual receptors that was revealed in otner studies

(Section 1.3).

The development of light microscopy enabled the

histological identification of many structures believed to

be the receptors associated with the various modalities of

sensation. These structures included muscle spindles

(ktinne, 1863) , Ruffini corpuscles in connective tissues and

Golgi-Mazzoni endings in tendons and ligaments that apparently

detected caaages in pressure and tension (Ruffini, 1890);

Pacinian, derb3t and Grandry corpuscles; and Merkel's disks

(luilliam, i960). The detection of noxious stimuli was

ascribed to the so-called 'free endings' of many nerve fibres

(Sinclair, 1955). The profusion of structures identified,

the many intermediate forms and the variations sees when

different stains were used made it difficult, however, for

subsequent workers to agree tnat separate receptors existed

for each sensory modality, especially since all types of
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cutaneous sensation could be elicited from aou-glabroua

human skin ia which specialised receptors were not seen

(iiagea, kaocke, Sinclair and Wendell, 1953). These investi¬

gators proposed, instead, taat separate sensations arise

because different stimuli affect any given 3et of receptors

in different ways (Weddeil, Pallie and Palmer, 1959). i'aeir

'pattern theory' postulated that pain and otner sensations are

perceived ia response to particular spatio-temporal patterns

in the impulses entering tne spinal cord (Sinclair, 1955).

The probability that separation of differing sensory

inputs occurs within the spinal cord was incorporated in

Melsack and Wall's (1905) 'gate theory'. This tneory

suggested that tne activity of inhibitory neurones in the

substantia gelatiaosa of the spinal cord is increased by

input througn large-diameter fibres ia the dorsal spinal nerve

roots and decreased by impulses entering through small-diameter

(A-delta and C) fibres. The failure of soae otaer investi¬

gators (Franss ana Iggo, 19bo; Zimmermana, 196<Ji Vylichy,

Rudomin, Zajae and burke, 1909) to confiroi the presence of

a continuous small-fibre input into the spinal cord or that

selective activation of C fibres produces dorsal root potentials

of positive polarity limited the acceptance of the tneory.

Dawson, Merrill and Wall (1970) have emphasised, aowever, that

tue polarity of dorsal root potentials ia affected by the

condition of the preparation and the anaestaetic agent3 used.
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The selective transmission of nociceptive information tnrough

the central nervous system implies that some type of gating

occurs at one or more levels in the nervous system.

The current Western interest in the use of acupuncture

in both humans (Signer and Galston, 197B) and other animals

(Freeman, 197^) highlights tae need to reconcile objective

observations with subjective sensations, tae latter often

being greatly modified by the emotions (Beecher, 19b2)«

The extent to which both electrical stimulation (Heumann,

1973) ana nypmosis (kroger, 1973) appear to lessen tne

intensity of pain sensations in humans is a reminder that

pain is the most difficult to define of all the sensations

that we recognise. We cannot appreciate the precise

sensations experienced by even our fellow humans, and in

assessing the likelihood that pain is also experienced by

other species we nave to row between a Scylla of anthropo¬

morphic associations that makes it difficult to dissociate

our own reactions from those we credit to these other species,

and the Charybdian assumption that pain has less significance

for auimals other than ourselves. In tne discussion in this

thesis it is assumed that all vertebrate animals can experience

pain, for, as explained. in tne subsections which follow, there

is considerable evidence that many individual fibres in peri¬

pheral nerves in both humans and other animals convey impulses

from sensory receptors tnat respond only to noxious stimuli.
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1.2 Stimuli wuiea evoka Paia Sensations

The difficulties in assessing pain make it necessary

to ensure that the stimuli used to identify nociceptors in

experimental preparations are stimuli vhiea produce, or are

likely to produce, pain in normal animals. Consideration

of tne circumstances in which pain usually arises das thus

formed a useful background to ueurophysiological investiga¬

tions of nociceptive mechanisms.

Paia is a prominent symptom of inflammation: that

associated with skeletal muscles or with the visceral organs

often being severe, diffuse and persistent. In many instances,

paia is the only sensation elicited by stimulation of deep

tissues (Landau and Bishop, 1953). The marked increase in

the intensity of pain that can accompany muscle contractions,

and the relief that rapidly follows bursting or lancing of

an abscess suggests tnat increased pressure is a major cause

of the discomfort. The davelopaeat of skeletal muscular

pains several hours after prolonged and/or unaccustomed

exercise suggests a delayed awareness of tissue damage; tne

effect being perhaps exacerbated by a fall in local tissue

temperatures. Tne importance of temperature changes is also

suggested by the considerable relief taafc often accompanies

heat tnerapy.

Pain often arises ia the particular muscles utilised

ia the present study. Lamenesses in humans and otaer
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animals aave been associated witn inflammatory changes in

the gastrocnemius au3cie following rupture of 3ojse of the

Luscle fibres (Adams, Lenuy-browa and Pearson, 1962} or of

tine Achilles tendon (borris, Gasteiger and Chatfiela, 1937,

Feavick, 19b9, b&rfred, x973). Spasm of muscle fibres or

of tae smooth muscles ia blood vessel walla may underlie tine

muscle cramps that occur during exercise or at rest (Lewis,

i.942) . Lxereising an iscaaemic muscle proauces severe pain

(MacWilli&m and webster, 1923, Lewis, Pickering and Rothschild,

li*29) which persists until tae circulation has been restored

(Lever and Keele, 1946). Violent kicking of one hindlimb

by cows after they have been lying down may be a reaction to

sensations induced by ischaeaia and comparable with 'pins aaa

needles' in humans (Feawick, 19b9)«

Muscular pain i3 likely to be initiated by substances

formed or released in damaged tissues or accumulated during

exercise. for example, >-hydroxytryptamiae is formed waen

ulood platelets disintegrate (Rand ana Heid, 1991). potassium

ions are released ia tne lysis of erythrocytes (Keele and

Armstrong, 1964), and tue intramuscular injection of 1$ (w/v)

lactic acid produces immediate severe pain (Maisoa, 1939).

Pain in muscle i3 also a dominant symptom of many eavenoaatioua,

especially wnere, as after the bites of viperid snakes, taere

i3 appreciable destruction of tissues (Iseacager, 1968) , ana

acetylcaoline, 9-hydroxytryptamine and bradykinin are among
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tae coaa incriminated as algetic areata (iiotna,

lyTi)- It is iux te possible, aowersr, that tnere are only

a limited number ox* substances capable of stimulating 3en3ory

receptors and tnat otaer areata waica evoxe pain d° 3a through

tue formation ia xae tissues of these 1 common mediators',

faere is iuuca current interest ia the possible algetic effects

of tae prostaglandins (Collier aid Schneider, 1972i Feldoerg

ana Gupta, 1973, Ferriera, Moncada. and Vaae, 1973), especially

since aspirin and. allied drugs inhibit tae production of

pros taglaadins in tae tissues (Rocha e Giiva and Garcia Leaie,

1972).

Fain in muscles is also produced by auisotonicity of

injected solutions. Injections of saline exceeding approxi¬

mately h.3> (McArtnur and Alstead, 1933) produce, within 10-

30 seconds, a dull ache characteristic of deep pain (xellgren

ana Lewis, 1939; Maison, 1939) that persists for several

minutes. heligren ana Lewis (1939) found k-6% saline

solution to produce snarply localised pain in superficial

ligaments, tendons aad fascia, in contrast to the diffuse

pain evoxed in muscle. The pain that develops along the

course of tae blood vessel involved after intravenous or

iatra-arterial injections of acetylcholine (harvey and

Lilientaal, 19^1; Chalmers and Lewis, 1931) potassium caloride

solution (dernier, 1923; Glover, Roddie and Shanxs, 1902) aad

bradyxiain (Lurch and LePa3puale, 1902) suggest that chemo-

receptors may lie within the walls of the blood vessels

themselves.
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The viscera were long believed to be insensitive to

mechanical stimuli (von K&ller, 1752). During surgery,

abdominal pain is most effectively evoked by stretch or

distension of visceral organs or their attachments (tfhite

and Sweet, 1959): the pain, unless referred to a somatic

area, is not well localised (doordenbos, 1959)- Other

acute pains, such as those of gastric ulcer3 (Kiasella,

1953), appear to result frozn inflammatory changes.

Common experience also indicates tnat pain is moat

effectively evoked from the sain oy severe pressure, gross

thermal changes, or the presence of some specific chemical

substances. The paia of toothacae caa emphasise tae

effectiveness of increased pressure within even a small

iadistensiole space, and of cold, in stimulating pain

receptors. Caeaieal substances producing pain include the

histamine and xiains in maay insect venoms (ailexierl and

nucnley, 1971) aad tae 3~hydroxytryptamiae in many coeleaterate

venoms (w'elaa, 1961) . 1'he present author has confirmed

earlier observations (iimmelia and Feldoerg, 19i»7i Armstrong,

Dry, Keele and Marnhaa, 1953) tnat lightly pricking hista¬

mine , acetylcholine or 5~nydroxytryptamine into the skin

produces stinging paia. Armstrong et al. (1951) had tested

taese coaiiounds on the caatharidiae-blister base. Jancso

(i960) reports that repeated doses of car>saiein render

cutaneous receptors insensitive to chemical stimuli without

reducing their responses to mechanical stimuli.
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The reactioii3 of conscious animals to stimulation in

partially deuervated areas of skin nave particular relevance

to the experiments described in Section III. The observa¬

tions of dead and his co-workers (Section I.l), Lewis (193b)

and Denny-Brown (1965) suggest that hyperaesthesia results

from an imbalance between the proportions of different classes

of active nerve fibi-ea in the cutaneous area under examination,

Otner experiments revealed (Kirk and Denny-Brown, 1970) tnat

after spinal nerve lesions macaque monkey3 could exhibit very

vigorous reactions to pressure and pricking of the skiu, ana

similar stimuli were used wnea examining cats and rabbits in

tne present study.

ueavy pressure, gross thermal changes and tne applica¬

tion of some chemical a^auta thus appear consistently to evoke

'pain' responses from both skeletal muscles and the skin.

Tnese stimuli have been used in the present experiments,as

well as in many of tne previous investigations summarised in

the subsections which follow.

I.i heurophyBiological Studies of Nociceptors

Aitnough tne detection of 'animal electricity' (d&lvani,

1791) had been followed oy tne discovery of action potentials

in nerves (i)u lioia-heymond, 1646) and of electrical activity

iii tae brain (baton, 1075), detailed neurophysiologies!

studies oegan with the use oy Uasaer and krlaager (1922) of

the catnode ray oscilloscope developed (Shiers, l97d) from



(13)

Br&un's 1&97 prototype. Analyses of compound action

potentials showed the later peaks in an evoked response to

be produced by impulses ia the smaller-diameter fibres

(Gaaser and Erianger, 1927) and it has been assumed since

the observation (Adrian, Cattell and nOakland, 1931) that

stimuli painful to humans could evoke activity in small-

diameter axonsj that small fibres conduct discharges from

•pain* receptors (bishop and Heinbecker, 1935; Clark, Hughes

and Gasser, 1935; bishop, 19^6; Collins, Mulsen and Raadt,

I960). The Group III fibres of Lloyd's (19^3) classifica¬

tion are equated with small-myeliaated (A-delta) fibres, and

Group IV fibres with unmyelinated (C) fibres (Matthews, 1972).

It is important to remember, however, that not all discharges

from nociceptors are conducted in small-diameter fibres and,

conversely, not all small fibres conduct impulses evoked by

noxious stimuli (Iggo, 19bbb).

The first recordings of discharges from stretch recep¬

tors in the sternocutaaeous muscle of the frog (Adrian and

Eotterman, 1926a) snowed the receptors to be activated by

specific stimuli, an increase in stimulus-intensity to pro¬

duce an increase in the frequency of the discharge, the dis¬

charge evoaed by a single stimulus to persist for a finite

time, and some receptors to discharge in the ax>parent absence

of a stimulus. Observations such as tnese have r^ovided tne

basis for assuming that any particular stixaulus is likely to

be coded by sensory mechanisms in terms of the frequency,
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amplitude, grouping and duration of the impulses produced by

each receptor.

Morphological studies nave saowa (Section I.l) the

peripheral enas of some afferent nerve fibres to be associa¬

ted with receptor cells, and tus remaining afferent fibres

to nave terminals, classed a3 'free endings', waien lack

su.cn associated cells. Ida term 'single unit' is used in

this thesis to describe an individual sensory receptor wituout

implying tae presence or the absence of a specialised cell

associated with tne nerve terminal.

1.3.1 Cutaneous nociceptors

In keeping vita tncir need for detailed analyses of

taeir external environment, tae higher animals possess cuta¬

neous sensory receptors which respond collectively to a great

diversity of stimuli. Most individual receptors are only

sensitive, however, to a restricted range of stimuli, and

tney 3now considerable variation in botn their thresholds

and their discharge-patterns. Sensitive meenanoreceptors

iuciuue tuose of the tnree types of nair receptors identified

by brown and Iggo (lyo7), 'touca corpuscles' (Pinuus, 1902*

iggo and Muir, lybp) and a slowly-adapting laecnanoreceptor

(Cn&mbers, Andres, von Peering and Iggo, iy'fe). The

distinction between rnpiaiy-adaptiug and slowly-adapting

discharges (Iggo, iybob) is also used in classifying less

sensitive units, indeed, it is tempting to associate these
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discharge-patterns with, respectively, 'fast* ana 'slow*

paia.

Fewer cutaneous nociceptors have beea identified. In

studies of tne hinalimb of the cat Maruuashi» Misuguchi aad
a

Tas^kai (1932) found 13 units responsive to pin pricks, hunt

and Mclatyre (i960) found 7 of 421 myelinated fibres to nave

hign thresholds, and Burgess and Perl (1967 ) identified 71

of 313 fibres isolated as having conduction velocities of

less tnaa 51 ^ s ana responding only to pinching or cutting

of the s&ia within receptive fields 2-5 cm x 1-2.5 ca. Most

of the fine myelinated fibres within this last group came

from nair receptors, and had conduction velocities of 14-22

a a i. Peri (i960) found single uait3 in fore and uiadiiab

nerves in the squirrel monkey tuat responded to noxious

mechanical stimuli to have myelinated fibres conducting at
-1

> - 2 0 m s

hessou and Peri (1969) isolated 147 units in cats

associated with fibres having conduction velocities of les3

than 2.2 ra s *: 129 of tnese had thresholds 5-10 times those

of tne most sensitive aechanoreceptors ia the same areas.

Six units had thresholds greater than 20 g wgt, and while a

noxious stimulus was taken as being greater tnan kO g wgt,

the most effective stimulus was slow proading with a sharp

object.
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Iggo (!95&b) found temperature-sensitive cutaneous

receptors to form a heterogeneous group: some units iu the

cat respoaaecL to temperatures above 50°C, wniie others res-

pouded to temperatures below 5°C. Most units have responded

to cold: there seem to be relatively few heat receptors in

the sain (Douglas, Kitchie and Straub, 1999; heusel and

Bomaa, 1900, Bensel, Iggo and Witt, 1900; Iriuchijima and

Zottermaa, 1900). Xggo (i9o9) has, however, also demon¬

strated ootd warmth and cold receptors in the scrotal shin

of the rat. Iggo and Ogawa (1971) found 9 of id units in

the Gonhey to be sensitive to both noxious thermal (above h0°C)
and noxious mechanical stimuli, and to have fibres with

conduction velocities below 2.5 m. s ^. laey suggested that

such units may produce the slower component of the double-

pain response in primates. nensel and Wurster (1970)

identified 3W single fibres associated with cold receptors

in the nose of the cat, and Keasualo and Gallegos (1967)

studied single and multiple cola-sensitive units in tae

hindlimbs of monxeys.

Several chemical substances have been tested in the

sxin - the effects of acetylcholine, histamine and 5-hydroxy-

tryptaaiae have been mentioned in Section 1.2. Close-

arterial injection of acetylcholine excites both myelinated

fibres (brown and Gray, 19^8; Douglas and Gray, 1953) and

C fibres (Douglas and Ritchie, 1957, 1959). FjEllbraut and

Iggo (1959, 1961) found taat acetylcholine, histamine,
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5-nydroxytryptamine and bradyxinin affected slowly-adapting

low-threshold mecuauoreceptors but did not specifically excite

nociceptors. Garcia Leme, hamamura and Rociia e Siiva (1970)

found bradykinin-like substances to be releasee, in rats' paws

neated to ko°C. Braaykinin infused into the local arterial

supply in cats' hiadlimbs enaanced discharges in C fibres

evoked by radiant heat, and produced slowly-adapting

responses in myelinated fibres (Beck and iiandwerker, 197h).

In their review, Burgess and Perl (1973) give evidence

waich supports the contention that information appropriate

to tne recognition of noxious stimuli coae3 from receptors

witnout a background discharge that respond only to strong

mechanical stimuli and/or gross thermal changes, and state

tnat hO-yO/ir of isolated nociceptors innervated by C fibres

may be classed as polyiaodal receptors.

Microelectrodes inserted into peripheral nerves in

conscious humans (Vallbo ana hagbartn, 19b8; xiailin and

Torebjdrk, 1973) have enabled recordings to be made of

activity in A and C fibres arising from both multiple and

single units. Studies such as these permit stimuli,

receptor discharges and evoked sensations to be correlated,

and confirm tnat noxious stimuli do in fact produce discrete

discharges in specific peripheral nerve fibres.
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1.3*2 Yiaceral Nociceptors

The ideatificatioa of pulmonary stretca receptors by

Adrian (1933) was followed by studies of abdominal (Gammon

aud Broak, 1935 i Gernaadt and Zotterxaan, 19^6) and pelvic

(iivaas, 193b) receptors as well as other tnoracic units

(Broak and Stella, 1932). Recent summaries include taose

of Paiatal (I9b5 ), Iggo (1966a), Suaraa (1967 )» Iggo and

Leek (1970) and Leek (1972).

In keeping with tae observation that distension of a

nollov viBeouo is a most effective 'pain* stimulus (Section

1.2), Gernandt and Zotterman (19^6) found that many A-delta

and C fibres in the splanchnic nerves of cats conducted dis¬

charges evoked by pinching the intestinal wall, Iggo (1955 )

recognised 'in-series' tension receptors in muscle layers,

and Bessou and Perl (1966) identified 'movement receptors'

in the serosa. The mucosal receptors isolated by Paiatal

(1957 ) were not, however, tension-sensitive: their rhytnmic

spontaneous discharges appear analogous to those produced by

the recurrent spontaneous activity of the ruminant stomach

(fiewhook and Titchen, 1972).

The deaoastration that mass reflex responses in small-

diameter fibres often only appear after temporal facilitation

(Sato and Schmidt, 1973) supports the possibility that diffuse,

sustained pain of visceral origin can be evoked by the
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discnarges of slowly-adapting receptors. ks implied aoove»

mechauoreeeptors of this type nave been identified (see also

Le«x, 1972) in tne oesophagus (Andrew, 1937)» stomach

(Faintal, I95h, Iggo, 1957b) > intestine (iggo, 1957a) and

urinary biauuer (I&go, 1955) of cats, tue forestosaca ox*

goats (iggo, l93b) aau sheep (teei, 1969) ana tae uterus

(&aa its ligaments) in rabbits (bower, 19&6).

Many visceral receptors can tnus be excited by the

taecaauieal forces developed during distension or cootraetion i

tae consequent reactions being manifest as regional reflex

responses. i'nis means taat, as Iggo (1966a) h&3 emphasised,

it is often difficult to distinguish reactions to aoxioua

stimuli from those evoked uy normal events within tue body.

1.3.3 Nociceptors associated with Skeletal Muscles

The study of single afferent fibres from muscle

spindles and Golgi tendon organs (Matthews, 1933) was yet

another development from tee single unit recordings of

Adrian and Eotterman (1926a). Extensive studies have been

made of primary and secondary sensory endings in muscle

spindles (Matthews, 1972), but while non-proprioceptive

afferent discharges are recognised, few investigations have

involved identified nociceptors iu skeletal muscles (Eldred,

Xellia, Gadbois and Sweeney, 1967).

The studies of non-proprioeeptive activity have
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included the recording of increased spontaneous activity in

cnronically de-effereated auscles in rata (Hriik and Payne,

19^5) and the excitation by suxamethonium of units with

slowly-conducting (**-7 m a "*") fibres in the tail muscles of

rats (kidd and kueera, 1969)* Hayaeu (1970) identified 12

units in tne hindlimb of tae rabbit that did not respond to

cutaneous stimulation, but required heavy pressure over 1 -

2
19 ana : their location and function was not established.

MacLeanau (1972) found tnat 65 of 3^3 units in the tibialis

anterior muscle of the cat that were associated with large-

diameter afferent fibres did not respond to stretch. Six¬

teen of these responded to transient pressure, vibration or

tapping, and thus resembled the receptors represented in tae

interosseous nerves of the hiadlisb (hunt and Mclntyre, i960)

and of the foreliab (Silfveaius, 1970).

Receptors in the hindliab muscles of cats (Toh, Lee and

Liang, 1955) and dogs (Webb-Feploe, dreader and Shepherd, 1972)

responded to iutra-arterial injections of capsaicin by pro¬

ducing, respectively, twitching in some of the muscles, and

constriction of deeper blood vessels. Lisa, Guzman and Rodgers

(1962) demonstrated that iatra-arterial injection of bradykinin,

acetylcholine and potassium chloride solutions produces pseudo-

affective responses in dogs; and the discharges in unmyelinated

muscle afferent fibres evoked by bradykinia have been recorded

in cats by Fock, Franz and Menae (1973).
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Palatal (i960, 1961} and Season and Laporte (1961)

found aost, of the activity ia Group III afferent fibres from

auselca in the hiadlimb to originate in receptors that did

not respond to stretch or contraction, of the muscle. The

receptors had variable (but generally high) thresholds and

low discharge-frequencies. A siaall proportion of the units

responded to a muscle twitch or a tetanic contraction by

producing a limited, variable number of impulses (Paintal,

I960).

bessou and Laporte (1958) found that isch&emia but not

stretch in muscle appeared to increase the C fibre discharges,

but very few individual units associated with C fibres nave

been isolated. Iggo (1961) identified a number of single

fibres in the cat that conducted at Q.b-1.6 s a , and found

other fibres conducting at 3-10 m 3 1 ia the nerve truan.

The units had thresaolda of 5-50 g vgt, small receptive

fields, and a persistent discharge to sustained pressure.

They did not respond to stretch or contraction of the muscle,

but were activated by hign temperatures (above 4l°C) or low

temperatures (below 29 0). Ischaeaia induced by occluding

tne regional arteries evowed a low-frequency discharge from

some units that was rapidly abolished on restoration of tne

blood flow. These observations have particular relevance

to the experiments described in Section II.
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1.3.^ Nociceptors in Joints

The belief that discharges froa joints contribute

much more to 'position sense' than do muscle receptors

(Section I.l) implies that they may also be more likely to

evoxe sensations of pain: the early studies of heinbecker,

Bishop and O'Leary (1933) and Zotterman (1939) implicated

3mall-diameter fibres in the development of pain from joints.

The relative significance of stimulation by increased

pressure and by changes in tne angle at the joint have

been debated. Gardner (1950) found pressure on the joint

capsule to increase the frequency of discharges, while Adrian

and Dodt (1953) and Boyd and Roberts (1953) recorded slowly-

adapting discharges in the articular nerves of the knee joint

of the cat that originated in receptors which responded to

flexion or extension of the joint through a few degrees of

arc, tension in the collateral ligaments, and increased

intra-articular pressure. Cohn (1955) found discharges to

be most intense at tae extremes of flexion and extension and

to be very slowly adapting at static limb positions. Skoglund

(195b) found a similar increase in discharges at either full

extension or full flexion of the joint. Godwin-Austen (I9b9)

descrioes slowly adapting receptors in the costo-vertebral

joints of cats and rabbits tnat are sensitive to movement as

well as to increased pressure. Burgess and Clark (I9b9)

introduced a complication, however, with their finding that

140 of the 209 slowly adapting units they isolated re3poaded
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botn at full flexion and at full extension of the knee joint.

As with receptors associated with the muscles them¬

selves, discharges can he evoked from units in joint

capsules and ligaments by the injection of 6% saline solu¬

tion (iellgren and Samuel, 1950), but the author is not aware

of any aeuropihysiological studies ia which sodium urate has

been used to stimulate the receptors involved in producing

the severe pain (Faires and McCarty, 1902) of gout.

I.h Central Nervous Mociceptive Mechanism

heuropnysiological studies of activity iu the spinal

cord and brain have disclosed segregation of the discharges

from tne separate classes of peripheral receptors, and wide

variation ia the extent to which sensory impulses are trans¬

mitted rostrad. Both intrinsic segmental activity and

impulses descending from higher levels ia the nervous system

nave been shown to influence this selective transmission.

The neurophysiological recordings have been based on changes

in gross potentials and on mieroelectrode recordings.

1.4.1 Gross Changes in Potentials in Spinal Segments

As noted in Section 1.1, dorsal root potentials (DHPs)

have been used a3 indices of the degree of hyperpolarisation

or depolarisatioa of the terminals of afferent fibres ia the
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cord (Wendell and. Wall, 196k). Barron and Matthews (1938)

conluded that afferent impulses in dorsal root fibres can

depolarise the terminals of adjacent similar fibres. The

associated negative field-potential in the dorsal root entry

zone vas shown (Wall, 1962) to be generated in the substantia

gelatinosa of the adjacent spinal cord segments. Bilateral

DBFs evoked by ipsa lateral afferent input are also described

by Dawson, Merrill and Wall (1962), Burke, Rudomin and Zajae

(1971) and Hoiobut ana Kiechaj (1973). Those reported by

Burks et ax. (1971) were avo&ea in decerebrate cats by intense

radiant heat applied to tae hindfoot.

Barron axid Matthews (1936) deduced that DRPs are pro¬

duced by the same generator mechanism as that responsible for

the potential changes produced at the dorsal surface of the

sjjiaal cord (Gotch and xiorsiey, 1591, Gasaer and Graham, 1933)

by afferent volleys in tae dorsal spinal nerve roots. Gasser

and Graham (loc. cit. ) had noted that the interval of approxi¬

mately 20 rasec for which the wave of a cord dorsum potential

persists approximates to the time course of the inhibition of

a fiexor reflex produced by a dorsal root volley. The demon¬

stration of inhibition in motoneuroaes in the apparent

absence (Frank and Fuortes, 1957) of the ionic changes in

the postsynaptic membrane characteristic of postsynaptic

inhibition (Coombs, Eceles and Fatt, 1955) underlies the interest

in presynaptic inhibition in subsequent discussions, including

that in Section IV.h of the present study.
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1.4.2 Microelectrode Recordings of Segmental Activity

Mieroelectrode recordings have been used to identify

the areas within the spinal cord in which changes in field-

potentials originate. Eccles, Kostyuk and Schmidt (1962)

found interneurones with prolonged discharges at a depth of

1.2-1.6 mm below the dorsal surface of the spinal cord, a

location whicn corresponds with the medial portion of Lamina

V of Hexed (1952). Wall (1962) found prolonged sinks in

Laminae II and III, these being the laminae which form the

substantia gelatinosa (Szentagothai, 1964). The inhibitory

effects described by Eccles et al. (1962) correspond closely

with the inhibitory surrounds for Lamina V cells described

by Wall (1967) and Hillman and Wall (1969). Wall (i960,

1967) showed that sensory input from the skin terminates

dorsally within the spinal cord, mainly in Lamina IV, and

that proprioceptive input is directed into Lamina VI. This

distribution is confirmed by the massive degeneration after

dorsal root section that is seen in Laminae I, II and III

(Heimer and Wall, 1963).

Christensen and Perl (1967), in recording from marginal

(Lamina I) cells in the dorsal horn in unanaesthetised, de¬

capitate cats, found that a component of the field potential

was associated with slowly-conducting myelinated fibres of

high-threshold cutaneous mechanoreceptors and with C fibres.

Wagman and Price (1969) ana Price and Wagman (1973) have
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recorded from cells in L&aJLn&e XV, V ana VI in the dorsal

horn of trie mac a<j,ue monkey taat respond to activity in A

ana C fibres in peripheral nerves. uregor ana iimxaermaaa

(ly|2) identified neurones in all layers ol tne aorsal horn

pf cats. naif of these neurones aad monosynaptic con¬

nections witn cutaneous A fibres tae reaaiaaer aad poly¬

synaptic connections, some of wniea received input from

Group II and III muscle afferent fibres. Haaaverker, Iggo

and fiauaermann (1973) report that activity evoked, in dorsal

uora neurones by stimulation of C fibres in psripaeral nerves

is greatly depressed by discharges from cutaiieous aecaauo-

receptors. Helloa and Misra (1973) identified neurones in

Laminae I-V in tne rat that responded to scrotal skin
i o

temperatures of 13-L3" C.

The effects of some chemical substances have particular

relevance to tne experiments described in trie present study,

strychnine reduces postsynaptic inhibition (Eccles, I9bL)

ana DGPA produces late and long-lasting primary afferent

aepolarisation (Anden, Jukes, Lundberg and Vyklieay, 19bb).

38S30Q, tfyoa-Maillard, Henoiat, Con3eiller aad Hantaan (1973)

found the morphiaoxaiwetie drug, pitenoperi dine, to depress tne

activity of Lamina V cells, and Hesson, Conseiller, iiamann

and MaiHard (197E) showed that intra-arteriai injection of

bradyxiaiu augmented or ixxniuited the discharges of cells in

the same Lamina.
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I.I. :j Mcvor Fe-s peases Elicited by Pischarpes from

Lociefeptors

As stated ia Section 1.1, the concept of Flexor

Reflex Afferents (FRAs) developed from observations that

electrical stimulation of peripheral nerves of sufficient

intensity to activate high-threshold fibres commonly pro¬

duced increased activity ia 3piaal flexor motoneuroaes

(Sccles and Lundberg, 1959). It was observed, however,

that when the blood pressure of a preparation was low,

volleys ia Group II and III muscle nerves usually inhibited

flexor motoneurones (Matthews, 1972). Eccles and Lundberg,

(I9b7) had already found that volleys presumed to activate

only low-threshold fibres evoked powerful flexion uovv&euts

ia the limbs. No attempts were made in FRA experiments to

investigate the effects of stimulation of groups of individual

receptors.

Laporte and Bessou (1956) observed that stimulation of

C fibres in peripheral aerves was followed by a prolonged

discharge in lumbar ventral spinal nerve roots, but this

effect ma> have been uue to activity in some A fibres evoked

by the electrical block used (Mendell and Wall, 1966). Franz

and Iggo (ly6b) report discharges in ventral spinal nerve

roots initiated by stimulation of nerves in which conduction

in A fibres was prevented by a cold-block. Lloyd (19T2)

emphasises that electrical stimulation of Group III fibres
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ucax a that muuy wUcr (lowe.'-threshold.) fibres are also

activated (unless a block, is used) ana, that the observed

results will not necessarily resoluble responses tso natural

3 timuli.

Interactions occur between somatic and visceral

structures as well as between skin and skeletal muscle. Coote

and Prez-Gonsalez (ly fO) , for example, snowed tnat atiatulatioa

of high-threshold, Group III and IV afferent fibres excited

sympathetic neurones in cats and elicited prassor-raspoasaa.

Tae 'pseudoaffective• motor responses, such as vocalisation

(Tail*a, uahu/aua and hasuim.o to, L-J 70) ana ' abdoaiuai-

coastrictions' (Guzman, nraua and Lis, l^o2), nave been widely-

used as a means of assessing in anaesthetised or decerebrate

preparations (Woodworth and Sherrington, 190k) tae algetic

effects of systemically-administered chemical substances.

1.4.4 Spinal Tracts in nociception

Svideace that many of tae ascending nerve fibres sub¬

serving a particular sensory modality are grouped together

within the 3piaai cord and brain to form fairly discrete

pathways has come from diverse sources in medicine, surgery,

physiology and anatomy. The spinothalamic tract has long

aeon considered to be tae main pathway for nociceptive

impulses, but noxious stimuli can evoke activity in some

spiaocervical tract neurones, and recent work has brought a

re-a3sessaent of the functions of the dorsal columns.
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Consideration of each of these pathways provides a basis on

which the importance of the descending inhibition described

in Section I.h.6 and investigated in Section IV can be

assessed,

I.k•k.1 The Spinothalamic Tract

In the time since Schiff (1358) concluded that nerve

fibres subserving pain and temperature sense in the dog and

cat ascend within the ventral parts of the spinal cord and

Gowers (1886) apportioned the fibres to the ventrolateral

funiculi, the spinothalamic tract has been regarded as a major

patnway for impulses evoked by activity in touch, pain and

temperature receptors (Foerster and Gagel, 1932; Drake and

Mackenzie, 1953). There is also considerable evidence, how¬

ever, that fibres conducting impulses subserving pain sensa¬

tion form a more diffuse system in man (Walker, 19^0i Sweet,

1959), cats (Karplus and Kreidl, 1925) and pigs (Breazile

and &itcnell, 1966),

Marchi studies have indicated direct connections from

the cervical spinal cord to the thalamus in the rabbit

(Wallenberg, 1896, 1900; Kohnstamm, 1900), but the rostral

termination of the tract described by Magni and Oscarsson

(1962) in the ventral cord of the rabbit is not known: the

tract contains fibres which can be excited monosynaptically

from contralateral cutaneous nerves.
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In the cat, silver stains (Boivie, 1971) support the

presence of spinothalamic fibres passing directly to tne

ipsilaterai chalamus. Lundberg and Oscarsson (1962 )

described two ventral ascending polysynaptic pathways

activated from high-threshold receptors. One tract ascends

to the lateral reticular nucleus (Grant, Oscarsson and

Rosen, 1966), the other to the inferior olive (Grant and

Oscarsson, 1966), but connections with the thalamus have

not yet been established. Rorrsell and Wolpow (1966)

demonstrated a pathway in the ventral portion of the spinal

cord activated from cutaneous receptors and high-threshold

muscle afferent fibres , Fields and Winter (1970) describe

a rapidly-conducting pathway near the ventromedial! fissure

for fibres activated by distension of the viscera, and, in

dogs, Illingworth and Molina-Wegro (197*0 have recorded

spontaneous and evoked discharges in the ventrolateral

columns of the spinal cord. The only neurophysiological

accounts of spinothalrnic connections in the cat are those

of Dilly, Wall and Webster (1968) and Trevino, Maunz, Bryan

and Willis (1972). In the monkey, the spinothalamic tract

has been shown (Albe-Fessard, Levante and Lamour, 197*0 to

have a large part of its origin in Lamina V.

I.4.U.2 The Spinocervical Tract

The spinocervical tract was first described, in the

cat, by Morin (1955). Its second-order neurones arise from



(31)

Rexed's (1952) Laminae III, IV and V in tne dorsal iiora of

trie spinal cord (mccles, Lccie3 and Lundberg, 19b0i wall, i960,

1967; Fetx, 196b) and ascend in the superficial portion of

the ipsilateral dorsolateral funiculus to tae ipsilateral

lateral cervical nucleus, from whence third-order neurones

pass to the contralateral thalamus (brown, 1973). It has

been accessary to distinguish at the upper cervical level

between the spinocervical tract and the dorsal spinocerebellar

tract (aorrobia, i960) but je» the latter tract nas not been

recognised caudal to tne upper lumbar segments of the spinal

cord (Crosby, Humphrey and Lauer, 1962).

Opiaocervicai tract axons convey impulses from hair and

pressure receptors, and soiae receptors of each type also

respond to heat (above L5°C) and cold (below 20°C) stimuli

(Brown and Franx, 1969). Activity in high-threshold muscle

and joint receptors can excite some spiaocervical tract

neurones (Lundberg and Oscarsson, 196li hongo, Jaahowsxa and

Lundberg, 1968), and many neurones in the tract are excited

by activity in C Fibres in peripheral nerves (Mendell and Wall,

1965; Mendell, i960). The spiaocervical tract thus emerges

as a pathway for nociceptive (and other) discharges, axid the

rapid conduction velocities (100 is s ^) of many axons suggest

an 'alerting' function (laub, I96L ; Brown, 1971). The

beaaviour of monxeys with dorsal column and other lesions is

consistent with fibres in tae dorsolateral funiculus of the

spinal cord being involved in the production of pain (Oilman

and Oenny-iirown, 1966) .
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The existence of a spiaocervical tract in the rabbit

has yet to be confirmed. Gwyn aad waldron (1969) described

a thin layer of cells in the expected position of the tract,

apparently throughout the length of the spinal cord, but so

far as the author is aware, no neurophysiological investiga¬

tions of these neurones nave been made, and anatomical

presence is not in itself proof of physiological function

(Brown, 1973).

1. 4 . h . 3 The Dorsal Columns

Tne dorsal columns form the classical pathway for

'epicritic' sensation (head, Rivers and Sherren, 1905)• la

ascending the spinal cord many axons leave the dorsal columns

between the lumbar and cervical levels, but some axons with

conduction velocities in the A-delta range reach the upper

cervical segments (Brown, 1968; Petit and Burgess, 1968).

As implied, some dorsal column neurones respond to electrical

stimulation of A~delta and C fibres in peripheral nerves

(Brown, 1968). The additional discharges in polysynaptically

connected axons evoked by pinching the skin or moving limb-

joints to extreme angulations (Uadenberg, 1968) indicate a

considerable convergence of input onto dorsal column cells.

The small number of fibres in the dorsal columns which Burgess

and Clark (1969) could activate from knee-joint fibres brought

doubts, however, regarding the classical belief that discharges

from joint receptors are transmitted through this pathway.
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Recent studies have shown considerable interaction between

neurones in the dorsal columns and taose in other ascending

sensory pathways, especially the 3piaocervical tract (Wall,

1970, brown and Martin, 1973b).

1.4.5 Cerebral Recordings

Hicroelectrodes inserted into the medial lemniscus,

thalamus and cerebral cortex have recorded discharges directly

related to stimulation of peripheral receptors. Brown,

Gordon and Kay (1974) studied single axons of identified

spiaocervical tract neurones in the medial lemniscus and

found the activity to still reflect the peripheral specifi¬

city of the receptors.

Discharges from cutaneous mechauoreceptors, joint

receptors and periosteal receptors in the forelimb of the cat

can be identified in recordings from the veatrobaaal nuclei

of the thalamus (Foggio and Mountcastle, i960). Mouatcastle

and his co-worxers have recognised a PO complex in the

thalamus that receives spinothalamic and auditory fibres,

does not relay directly to the cerebral cortex, and seems to

receive input mainly from peripheral nociceptors with large

receptive fields.

The veatrobaaal complex of the thalamus links in turn

with the sensorimotor areas of the cerebral cortex (Morison

and Dempsey, 1942; Mountcastle and Eenneman, 1932).
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Recordings of cortical potentials revealed that activity

evoked by stimulating Group III fibres in auscle nerves can

be detected in the contralateral cerebral cortex (Mouatca3tle,

Covian and Harrison, 1952). More recent examinations have

shown that input evoked from muscle spindles and tendon organs

also reaches the somatosensory cortical areas (Oscarsson and

Rosen, 1963; Gardner, 1969; Jarmen and Walloe, 1969). Otner

studies confirming that cortical activity can be elicited by

stimulating receptors in muscle, deep fascia, joints and

skin include those of Mountcastle (1957), Albe-Fes3ard and

Liebeskind (1966) and Wiesendanger (1973). Discharges

evoked in the brain by activity originating in the periphery

can be quite discrete, and it seems likely that they influence

the extent of the inhibitory activity descending into the

spinal cord (Atkinson, Seguin and vfieseadanger, 1974).

1.4.6 Descending Inhibition of Seusor/ Transmission

The extent to which discharges from peripheral noci¬

ceptors evoke reflex responses and pain sensations depends

largely on the level of inhibitory activity present in each

of several regions of the central nervous system. The

investigations already summarised have shown the apiaocervical

tract to be neurophysiologically the best defined of the noci¬

ceptive sensory pathways. The experiments described in

Section IV were undertaken in order to study inhibitory

mechanisms affecting transmission through the spinocervical
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tract, and some attention is given to thi3 tract in the

summary which fellows,

The release of activity that follows decerebratioa

(Sherrington and Sovtoa, 1915 i Denny-Brown, 1966) reveals

the presence of tonic activity in the brain stem and spinal

cord. Transection of the spinal cord in a decerebrate

preparation produces an appreciable increase in the size

of tne respective fields o£ more-caudally-located spinal

neurones (Wall, 1964; Brown, 1971) and in the magnitude of

the segmental cutaneous reflexes (Wall, ly64). The appli¬

cation of a cold-block to the spinal cord of a decerebrate

preparation produces a similar increase in activity in more

caudal spinal cord segments (Wall, 1964; Brown, 1971).

Descending inhibition can be evoked by electrical

stimulation at various levels in the central nervous system.

Stimulation of the sensorimotor cortex in monkeys has inhi¬

bited activity in spinothalamic neurones (Coulter, liaunz and

Willis, 1974} and Brown and Short (1974) found stimulation

of part of the cerebral cortex of the cat to inhibit, at the

lumbar level, activity in spinocervical tract neurones evoked

by activity in the sural nerve. While activity in the

corticospinal tract does not appear directly to affect

activity in the spinocervical tract (Lundberg, Worrsell and

Voorhoeve, 19b3) or in Lamina IV cells (Wall, 1967)> stimula¬

tion of the pre- and post- central areas of the cerebral cortex
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does affect cells ia the spinal cord (Xuypers, 19o^). Taub

(196*0 produced inhibition of transmission through the spiao-

cervical tract by stimulating the mesencephalic tegmentum,

toe central ponto-bulbar area and the cerebellar nuclei,

and Fetz (1968) obtained similar effects by stimulating the
*v\ecA^UaM pia,
oa tori or tibial nerve-. Taub (196*0 also showed lumbar

spinocervical tract neurones to be inhibited from foraliab

cutaneous areas, and he suggested that proorio3pioal axons

mediate the effect.

Electrical stimulation of cutaneous and muscle nerves

was found by Eceles, Kostyuk ana Schmidt (1962) to inhibit

the later components of the mass discharge evoked from the

contralateral funiculus of the spinel cord. This mass

discharge derived mainly from activity in the spiaocervical

tract (Lundberg and Osc&rssoa, 1961).

I.5 Objectives of the present Study

Investigations summarised ia the preceding survey of

the literature have confirmed that nociceptors can be classed

as a distinct group of sensory receptors. It is generally

accepted that most of the impulses in peripheral afferent

nerve fibres that evoke pain sensations are conducted in A-

delta and C fibres, and tae experiments described in the

following three Sections of this thesis have been concerned

with the characteristics of such slowly-conducted discharges.
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Th« experiments described ia Section 11 wsra undertaken

to study nociceptors la skeletal muscles aad tendons; the

literature survey having revealed the paucity of information

relation to sued receptors iu these tissues. Presumptive

evideace from situatioas iu which pain arises ia skeletal

muscles, and neurophysiologycai coafiraatioa of the adequate

stimuli for cutaneous and visceral nociceptors, uas suggested

that nociceptors ia skeletal muscles arc most likely to

respond to heavy pressure, gro33 thermal changes aad/or the

presence of some specific cnemical 3u'03taaces.

Previous studies of dermatomes had revaaleu that section

of adjacent spinal nerves aistal to their dorsal root ganglia

produced much-enlarged isolated cutaneous sensory areas, and

fcnat hyperaesthetic reactions to noxious stimuli were readily

evoked from these areas. The experiments described in

Section III constitute a study of the spontaneous discharges

found to arise ia dorsal root ganglia after section of the

adjacent spinal nerves.

The variations in the extent of tne dermatomes, and

the variations in the receptive fields of spinal neurones

observed during the course of neurophysioiogical studies of

the spiaoeervical tract, are largely the result of changes

in the level of inhibition in the spinal cord segments.

The experiments described in Section IV were undertaken to

define these segmental and descending inhibitory effects

more precisely.
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The investigations reported id tais taesis thus relate

to activity at three levels ia the nervous ays best - toe

peripnery, the dorsal root ganglia ana the spiaal cord -

aud an assessment is made ia Section V of the effects that

changes at each of these levels are lisely to nave on reflex

activity and pain sensibility.
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SECTION II - NOCICEPTORS ASSOCIATED WITH SKELETAL MUSCLES

II•1 Introduction

The experiments described in this Section were under¬

taken to confirm the presence of nociceptors in skeletal

muscles, and to define some of the neurophysiological

characteristics of the units isolated. For the purpose

of the experiments described in this and succeeding Sections,

a nociceptor has been defined as a sensory receptor which

responds specifically to stimuli that are presumed to evoke

pain sensations in the animals under study.

II.2 METHODS

The experiments were performed on cats (1.8 - b.2 kg)

of mixed breeding and Rex, Large White, Californian and Half

Lop rabbits (1.2 - 3.5 kg) of both sexes. Many of the cats

had been speyed or castrated. In each species the activity

of sensory receptors in the gaskin region was detected by

recording from strands of the sciatic nerve or its branches.

II.2.1 Preparation

Unless otherwise stated, the same procedures for

anaesthesia, surgery and nerve dissection were used in the

two species.
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11.2.1,1 Anaesthesia

Anaesthesia in most of the cats was induced by

administering ethyl chloride ('Ethyl Chloride', Bengue), by

face-mash, until moderate muscular relaxation developed,

and then continued with ether ('Anaesthetic Ether B.P.')

MacFarlan Smith) given carefully to minimise the Holmgreen-

Kretschmar reflex apnea evoked by high concentrations of

the vapour (Westhues and Frit3cn, 1965). Following cannu-

lation of a jugular vein, the anaesthesia was maintained

with intravenous injections of a chloralose/urethane solution

made by dissolving 300 mg of <C~chloralose ( ' dC-Chloralose ' ,

Koch-Light), by cautious heating, in 30 ml of 10$ (w/v)

urethane ('Ethyl Carbamate', B.D.fl.) solution. The cats

were given an initial dose of L ml kg ^ (= ^0 mg chloralose

kg ) ; and the subsequent doses were each of 1-2 ml.

Anaesthesia in most of the rabbits was induced and

maintained with the same chloralose/urethane mixture: the

initial injection, at 7 ml kg ^, being made into a marginal

ear vein. Maintenance doses, each of approximately 1 ml,

were required more frequently than in cats. Satisfactory

respiration and blood pressures were more difficult to main¬

tain than in cats. It was found, in agreement with previous

investigators (Field, 1957; Gardner, 196L), that when respira¬

tory movements ceased in a rabbit, firm and continuous pressure

over the cardiac area often caused the movements to resume.
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A sharp fall in blood pressure usually followed pressure ever

the dorsal lumbosacral region and the popliteal area, but in

some preparations an increase in blood pressure was obtained

by dorsoventral compression of the thorax. When the rabbits

were handled quietly before being anaesthetised, the initial

blood pressure levels recorded were usually between 100-120

mmHg. Premedication with atropine sulphate solution ('Atro¬

pine Sulphate', B.D.H.) or section of the cardiac depressor

nerve(s) was not followed by higher blood pressure levels

than in other preparations.

Two cats and four rabbits were anaesthetised with pento¬

barbitone sodium solution ('Nembutal', Abbott)- the cats by
"1

intraj>eritoneal injection, at 0.5 ml kg "*■, and the rabbits

by successive 1.0 ml intravenous injections. The few

instances in which pentobarbitone sodium solution was injected

into a preparation already anaesthetised with ehloralose/

urethane solution are specified in the text.

One eat and two rabbits were anaesthetised with ethyl

chloride and ether, decerebrated at the intercollicular level,

and the administration of ether then discontinued. At least

3 hotirs elapsed before electrical recordings were begun. Most

of the reflex limb and trunk movements in these decerebrate

preparations were abolished by intravenous injections of

gallamine triethiodide ('Flaxedil', May and Baker). The cat

was given 0.2 ml doses, and the rabbits 0.05 ml as required.
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la all preparations the trachea was exposed by means

of a ventral midline incision, freed from adjacent structures

(including the recurrent laryngeal nerves), and incised

transversely. After swabbing any free blood from the

incision, a cannula of the largest compatible size (usually

having an internal diameter of 5-6 mm in cats, and k ram in

rabbits) was tied in place. During the course of t-he

experiments any accumulations of raucous in the cannulae were

removed by suction.

A polythene venous cannula was tied into the central

end of a (usually right) external jugular vein, and any

administration of ether then discontinued. A second cannula

was inserted into the central end of a (usually left) common

carotid artery and connected with an M2 Recorder (Devices

Instruments Ltd.) or with a sphygmomanometer similar to that

more recently described by Bisgard and Gillilan (1973).

Blood in the tubing rarely clotted if the concentration of

heparin ('Pularin', Evans) in the 0.9% (w/v) saline solution

used to fill the tubing was not less than 5 U ml . In some

early experiments intravenous injections of 3-5 ml Dextran

3.P. or Dextran 100 B.P. ('Lomodex', Fisons Pharmaceuticals)

were given when the mean blood pressure fell below 80 mmHg,

but these injections were usually (and especially in rabbits)

only transiently effective. During the surgical preparation

and subsequent recording the strength of the pulsations in

the branches of the femoral and popliteal arteries was
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considered a good guide to the adequacy of the circulation.

Overdosage with anaesthetic usually caused cessation

of respiratory movements, but left the heart beating strongly

at first. Artificial respiration was applied manually, and

if recovery was delayed, the tracheal cannula va3 linked to

a Palmer respiration pump set at 36 strokes min . The

strome volumes were set at approximately 30 ml for cats and

20 iuI for rabbits, being adjusted for each preparation to

produce definite but not excessive thoracic movements, and

being within the accepted ranges (Caldwell and Fry, 19oSi

Crosfill and Widdicombe, 1968, Grunstein, Young and Milic-

Emili, 1973). Carbon dioxide levels in intermittent samples

of expired air vers measured with a Medical Gas Analyser

(Model LB-1, Becknan Instruments Ltd.): the normal range

being taken as 3.0-4.5$ of carbon dioxide (Werner and Whitsel,

1967). The degree of hypoxia was also assessed subjectively

from the colour of fresh blood and of exposed veins ana, in

raboits, from the extent of the bulging of the animal's eyes

and the degree of dilation of its pupils.

Each preparation was placed on an electric blanket

thermostatically controlled from a thermode inserted per rectum

and set to maintain the deep body (intra-abdominal) temperature

at 37-39°C in cats and 39"40°C in rabbits. If at the

beginning of an experiment the animal's temperature was near

one extreme of the normal range, the thermostat setting wa3
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modified accordingly. The greatest tendency for the body

temperature to fall during an experiment occurred when pento¬

barbitone sodium solution was used as the anaesthetic.

II.2.1.2 Surgical Preparation

Use of the hindlimb afforded a readily isolated

long length of a peripheral (sciatic) nerve about which there

is much accumulated information and provided convenient access

for manipulation of the tissues, including traction on the

Achilles tendon. The left hindlimb was used routinely,

simply to suit the convenience of a right-handed operator,

and in some experiments the contralateral limb was also

prepared. Care was necessary in the preparatory clipping

of the hair, especially in rabbits, to avoid damage to the

shin that was to form the walls of the 'paraffin pool'.

The 2.5 mm diameter threaded end of a short brass rod

was screwed securely into the anterior aspect of the tibia

at the junction of its proximal and middle thirds, particular

care being taken to avoid damage to subjacent tissues by

slipping of tne sharpened bradawl used to make a preliminary

hole in the cortex of the bone. This pin, and those used

to secure the pelvis in toe spinal frame, provided fixation

against which limb movements could be assessed and tension

applied to the Achilles tendon; free movement of the tarsal

joint and foot was still possible. In some preparations a
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second pin was inserted into the distal section of the shaft

of the femur.

The skin on the lateral aspect of the limb was incised

longitudinally from the level of the acetabulum to just

proximal to the tarsus, care being taken to avoid damage to

the subcutaneously-situated lateral tarsal vein. In rabbits

the limited area of skin available for the subsequent creation

of the 'paraffin pool' left little margin for misalignment of

this incision. The belly of the biceps femoris muscle was

divided proximally (the artery in its centre being ligated)

and the bulk of the muscle removed.

In experiments in which chemical substances were to be

perfused into the arterial vessels supplying the tissues

under study, a branch of the femoral artery that passed into

the anterior portion of the biceps femoris muscle at the

level of the stifle (knee) joint was cannulated retrogradely

with an intravenous cannula (2 FG, Portex) that had been

cold-drawn to an external diameter of approximately O.h mm

and filled with heparinised-saline. The remaining vessels

to the biceps femoris muscle were then ligated. After trial

infusions of test solutions and of metnylene blue solution

had shown that the infused solutions did not always reach the

distal parts of the gastrocnemius muscle unless the femoral

vein was occluaed, linen threads (to be used later to occlude

the flow of blood) were placed loosely around the femoral
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artery and. vein(s) just proximal to the stifle joint, and

around the saphenous artery and veins after these vessels

had been exposed by a lateral approach between the quadriceps

and semimembranous muscles.

The Achilles tendon was freed from the tissues

immediately proximal to the tuber calcis and a length of 2^

s.w.g. tinned annealed copper wire threaded transversely

through all of the component tendons together at this level.

In some preparations the calcaneus was separated from the

remainder of the os calcis, but in most instances the tendons

themselves were divided distal to the attached wire, and the

tarsus left intact. Manipulation of the Achilles tendon

and dissection of the tarsus evoked strong reflex movements

from the (anaesthetised) preparations, and considerable

bleeding from damaged vessels.

The tibial and common peroneal nerves were free from

the fascia in the popliteal fossa. A ligature was placed

loosely around the sciatic nerve trunk proximal to the level

of the hip joint, in such a position that it could later be

tightened without causing more than minimal obstruction to

the blood flow through the prominent vessels passing to the

sciatic nerve at this level. Venous oozing readily arose

following any damage to the regional veins. In one instance

the lateral tarsal vein was punctured unwittingly, a large

number of air emboli appeared in the vein, and the rabbit

died suddenly a few minutes later. Similar events have
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A strand dissected from the sciatic nerve (S) of a cat,

using a bi&ci perspax plate (?) as a base, lies acrosj Di¬

polar silver-silver enloride recording electrodes (S). An

earth lead (S) placed on the nerve truas as shown, or buried

in the subjacent muscles, stimulating electrodes (S) and the

clocking electrodes (o) used to produce a polar!sir./; block

of nerve conduction are positioned iu sequence. The strain-

guage (OG) monitors tne tension in the Achilles tendon, to

which the lateral head of the gastrocnemius muscle (&)

contributes. Retrograde infusions into a branch of the

femoral artery (A) were cade through the cannula (1).

Ligatures placed around the sciatic nerve proxisally, and

around tne femoral artery and vein (V) are not shova. The

thermistor-u»it (Th) monitored tae temperature of the paraffin

in the vicinity of the receptor under study.



 



(II-9)

been reported by Pate and Birdsong (196*0.

The preparation was placed prone (on the electric

blanket) in a 'spinal frame' fixed rigidly to a heavy steel

plate, and its pelvis fixed between two horizontal pins that

pressed against the ossa coxarum. This fixation was often

difficult to achieve in rabbits. The fixation of the

pelvis was usually followed by a persisting rise of approxi¬

mately 10 mtniig in the mean carotid blood pressure. The skin

at the edges of the incision was sewn to a length of heavy

solder, to form the desired pool (Figure II.l). The

polarising electrodes (Section II.2.3.2) were placed in

position at the popliteal fossa, with the tibial nerve (or

a division thereof) lying in the trough of the electrodes.

Almost-solidified agar (containing approximately 5% v/v of

0.9% v/v saline solution) was run into the trough on eacn

side of a partition of vaseline formed between tue two

electrodes: waxed paper beneath the electrodes prevented

any surplus agar from touching the subjacent tissues.

While waiting for the agar to solidify, tne pool was filled

with liquid paraffin (liquid Paraffin B.P., grans) at 37°C.
Gauzes soaked, in liquid, paraffin were used to prevent any

otherwise-exposed tissues at tne proximal and distal limits

of the pool from drying. The temperature of tne paraffin

in the pool was monitored with a thermistor unit and main¬

tained at 37°C (or varied deliberately from this level) by

adjusting radiant heat from a lamp.
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II.2.1.3 Eerve Dissection

The ligature previously placed loosely around the

sciatic nerve proximal to the level of the hip joint was

tightened to prevent reflex motor responses to stimulation

of the tissues from initiating further afferent discharges

in the nerve, and to prevent general systemic responses to

the test stimuli.

A blacx perspex plate placed beneath tne sciatic nerve

(Figure II.1) formed a helpful background against which the

nerve could be dissected. A section of nerve free from

entering blood vessels was chosen wherever possible: any

appreciable blood vessels that had to be divided were first

ligatea. The nerve was dissected with snarpened slivers of

'Gillette Ordinary' razor blades and a sharpened Wo. .16

'Flora Macdonald* beading needle, each held individually

in pintongs. Watchmakers' forceps ('Wo.5') were used to

hold the tissues. Longitudinal slitting of the perineurium

allowed bundles of fibres to bulge outwards; these bundles

were then progressively subdivided. Separation of small

bundles of fibres was more difficult in rabbit3 than in

cats .

Care was taken to maintain a good blood supply to the

nerve (as indicated by free streaming of erythrocytes through

the capillaries) especially by preventing pressure at either

edge of the perspex plate from impeding this flow. Most
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Details of the equipment are given in the text.
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dissection was performed wita the aid of a binocular

dissecting microscope, at xLO or x 100 magnification.

Fluid that accumulated on the perspex plate during the

course of tae experiment was removed with a pipette.

II.2.2 Recording, Storage and Reduction of Data

Discharges from receptors associated with the

muscles under study were detected by placing dissected

strands of the tibial nerve on bipolar silver-silver

chloride recording electrodes, held in a 'Prior' micro¬

manipulator. The signals were fed, via a Tektronix 122

Preamplifier, into a Tektronix 56? Oscilloscope fitted

with a Type 63 Differential Amplifier and a Type 72

Dual-Trace Amplifier, and monitored in an audioamplifier.

Electrical stimuli delivered to the nerve were obtained

from a Mark IV Isolated Stimulator (Devices Instruments

Limited). The recording system (Figure II. 2) was synchronised

by using signals from a Digitizer (Devices Instruments Limited)

to trigger the oscilloscope, the stimulator and, when recording

averaged-signals, a BIOMAC-500 Computer (Data Laboratories

Limited).

The signals displayed on the oscilloscope were photo¬

graphed witn an oscilloscope-camera (Cossor Instruments

Limited), using blue-sensitive recording paper (N.S.6, Ilford).

The BIOMAC-500 computer was also used to compute Interval

histograms of the intervals between successive signals. The
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data punched-out onto paper tape was fed into a PDP-12

digital computer (Digital Engineering Corporation) by using

a software xerogram which eliminated the 'markers' which the

BIQMAC-500 inserts into its punch-out and re-assembled the

individual bin-values (up to a limit of 2 in any one bin)

ixi the core of the PDP-12 coaputer. The 500 values were

stored in consecutive bins and then transferred en masse

onto two successive blocks of magnetic tape. Other PDP-12

software programs were used to read the data from the magnetic

tape into core, create a graphical display on the computer's

oscilloscope screen, calculate the mean frequency ( and

standard deviation) of the original discharge from the nerve,

and to plot the data on a computer-peripheral ('Complot',

ilouston Instrument Company) graph plotter.

II.2.3 Identification of Single Units

The identification of the discharges of a single

sensory receptor was based on the recognition, after appro¬

priate dissection of the tibial nerve, that the signals

observed on the oscilloscope were being conducted by a single

active nerve fibre in the strand on the recording electrodes.

Discharges were regarded as originating in a single unit when

successive individual impulses were of uniform amplitude,

did not superimpose on the oscilloscope screen, and appeared
*

directly related to, or modified by, the appropriate stimulus
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to the receptor. Furthermore, it was necessary that

electrical stimulation of the nerve trunk should elicit only

a single action potential, identified from its appearance on

an 'all or nothing' basis. The type of nerve fibre involved

was deduced from its electrical threshold and conduction

velocity, and from the duration of those action potentials

that were recorded monopnasically. The type of receptor

was deduced from its threshold to stimuli and the frequency

of the impulses produced.

II.2.3.1 Measurement of Conduction Velocities

The conduction velocity in a strand (or single

nerve fibre) was measured by stimulating the nerve electrically

and relating the latency between the recorded stimulus arti¬

fact and the action potential(s) produced to the length of

nerve involved. A particular difficulty in the present study

of skeletal muscles arose from the fact that the electrical

stimulus also evoked discharges in the efferent nerve fibres

to the muscles. Since the stimulus-intensities necessary to

evoke potentials in the smaller-diameter afferent fibres far

exceeded the tnresholas of the larger efferent fibres, the

resulting muscle-contractions were of considerable magnitude,

and the movement often dislodged the nerve strand from the

recording electrodes. Furthermore, even if the strand was

not dislodged, the rapidly-conducted discharges from the
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muscle spindles and Golgi tendon organs stimulated by the

muscle-contraction were added to the afferent traffic in

strand and concealed, and perhaps occluded, impulses from

the unit under investigation.

The necessary block of conduction in the efferent

nerve fibres distal to the stimulating electrodes could

be expected to have equal effect on the afferent fibres in

the nerve, and it therefore had to be readily reversible:

the polarizing electrical block described below was there¬

fore selected.

Before measuring conduction velocities it was also

necessary to tighten the ligature already positioned around

the sciatic nerve proximal to the recording electrodes, in

order to prevent reflex muscle contraction in the limb from

producing similar effects to those of direct stimulation of

muscle efferent fibres. The same ligature also prevented

general systemic reactions to the electrical stimulation of

the nerve.

II.2.3.2 Polarizing Currents

Blocking methods U3ed by previous investigators

have included the use of direct pressure, tetanic stimulation,

isehaemia and electrical polarization (Mendell and Wall, 1964).

The last of these methods was used in the present study because
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the block could be rapidly applied and readily reversed.

The polarizing electrodes were applied to the nerve

between the stimulating electrodes and the muscles under

study (Figure II.l). The (spirally-wound) silver-silver

chloride electrodes lay in 0.9$ (w/v) sodium chloride

solution contained within parallel glass tubes, the lower

end of each tube being tapered to retain a plug of agar.

(The agar contained k~3% v/v 0.9$ saline solution). The

1.5-2.0 cm trough in which the nerve was laid was either

formed from a segment of (1.6 cm 0/D) plastic tubing impaled

on the ends of the glass tubes, or from a segment of hard

plastic fixed in place with 'Bostik' adhesive. The small

degree of flexibility in the former system permitted some

movement of the nerve without fracturing of the agar.

The common peroneal nerve was separated from the tibial

nerve in the popliteal fossa, and a 2.5~3.0 cm length of

the former nerve extirpated. The tibial nerve at this

level was freed from its fascial attachments (care being

taken, however, to preserve blood vessels) and laid in the

trough of the polarizing electrodes. Particular care was

taken to avoid obstructing the blood flow, kinking of the

nerve, or twisting of the nerve on its longitudinal axis.

The central portion of the trough, between the ends of the

glass tubes, was filled by a 'partition' of vaseline, and

almost-solidified agar-saline run into the trough on either
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side to surround the nerve and the ends of the glass tubes.

A piece of waxed paper placed (at least temporarily) beneath

the trough prevented any spilled agar from forming bridges

to the subjacent tissues. The pool was then filled with

liquid paraffin (Liquid Paraffin ii.P., Evans) pre-heated to

37°C, and the elctrodes left undisturbed until the agar had

set firmly.

The electrode wires were connected to a 90 volt dry

cell (B126, Ever Ready) via a fixed 7 KfXresistor and a

helical 10 K-rt.resistor. An in-parallel diode was used to

protect the nerve against high currents, and the maximum

output to the electrodes (monitored on a meter connected in

parallel with the fixed resistor) was 3 mA.

The effectiveness of the block was assessed by observing

the changes in the signals on the oscilloscope screen and by

watching for muscle movements. Very small muscle movements

produced a slight shimmer in the surface of the paraffin,

and large movements in the wire attached to the Achilles

tendon when the other end of thi3 wire was left free.

II.2.b Test Stimuli used in identifying Nociceptors

Mechanical, theriaalaad chemical stimuli were used in

defining the characteristics of the receptors isolated. The

fact that most of the nociceptors isolated happened to be

relatively superficially situated and in the region of
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the musculotendinous junction (see Section II. 3) meant that

local pressure and thermal stimuli could be directly applied

in their immediate vicinity.

11.2.^.1 Mechanical Stimuli

The units selected for further investigation were

those which did not respond to passive extension of the

muscle (except for those few units which produced 3 or U

impulses at the onset of stretch and also developed a steady

discharge to heavy pressure), or to active contraction. The

passive tension developed was measured with a Statham Model

G1 Transducer (Statham Instruments Incorporated) attached to

the wire previouslytied into these tendons. The wire was

kept aligned with the natural disposition of the tendons.

The tension developed varied the resistance in one arm of a

Wheatstone bridge circuit, and the (calibrated) change in the

output from the bridge was seen as a vertical shift of the

oscilloscope beam used to display this output. Tensions of

up to two kilograms weight were applied.

If the muscles were tetanized from the commencement of

electrical stimulation of the tibial nerve (by the use of

stimulation-frequencies of at least 50 Hz) it was possible

to avoid the gross movement of the tibial nerve that accom¬

panied single large muscle twitches and which fractured the

agar in the trough of the polarizing electrodes. This tetanus
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was used to coafirm^to some extent at least, that active
muscle contraction did not stimulate nociceptors, but because

of the risk of damage at the polarizing electrodes, it was

not applied in all instances.

Mechanical stimulation of individual receptors was

accomplished by using pressure from hand-held blunt probes

and from von Frey hairs - some of these 'hairs' were made

from wire (to prevent softening by the paraffin), and only

began to bend at pressures of up to 30 g wgt. Clips applied

to the tendon developed pressures of up to 200 g wgt, and

were used to test units at such locations. In some

instances, the threshold of a unit was assessed by measuring

the compression force developed in the Statham transducer

(the wire in the tendons being tied meanwhile to a rigid

support). The effects of sustained pressure were investi¬

gated by using a spring clip or by clamping a probe in a

rigid support. No detailed studies were made of the

effects of varying the intensity and the rate of application

or removal of a stimulus. Vibratory stimuli were applied,

at 50 Hz, with a domestic ('Pifco') vibrator.

The location of individual mechanoreceptors was con¬

firmed by incising the adjacent, more distal fascia and

inserting a probe into the tissues several millimetres beneath

the receptor. The unit would then discharge when the probe

was moved toward the receptor from below, but would not res¬

pond when the probe was directed in other directions.



Ffgure II.3 Cross-section of Thermode

The thermode used to produce temperature changes

in the immediate vicinity of a sensory receptor consisted

basically of a small hollow brass cylinder perfused with

water introduced through tubing (I) leading from a Watson

Marlow Flow Inducer. The thin silver sheet that closed the

free end of the cylinder had a thermistor bead set in its

surface. The thermistor formed one arm of a Wheatstone

bridge circuit, and the corresponding temperature could be

read from a calibrated meter.
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Similarly j such a unit vouli' still respond, in apparently

the same manner as before, after a rigid perspex plate had

been fixed beneath it to preclude pressure from affecting

deeper structures.

11.2.4.2 Thermal Stimuli

The sensitivity of individual nociceptors to

changes in local temperature was tested in several ways.

In some instances the paraffin in the pool was allowed to

cool toward room temperature before being heated again with

radiant heat from a lamp. The temperature of the paraffin

in the immediate vicinity of the unit (or of the surface

of the tissue itself) was monitored by a thermistor bead

mounted in the end of a plastic tube (Figure II.l). The

thermistor formed one arm of a Wheatstone bridge, the

potential across which was displayed on a meter calibrated

to 3how the corresponding temperature.

Temperature changes were also produced by applying a

heated (50-55°C) brass rod to the tissues, lifting the

tissue (tendon) out of the paraffin pool, and by applying

ice to the surface of exposed tissues.

More precise control of temperature changes, even of

points on the surface of the submerged muscle, was obtained

with the thermode shown in Figure II.3. This thermode was
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formed from a hollow brass cylinder closed at one end hy a

thin sheet of silver and perfused, by means of a Watson

Marlow Flow Inducer, with heated or with cooled water: the

temperature changes in a thermistor (Stantel, Type U23) set

in the silver sheet were displayed, as "before, on a meter.

Care was taken to check that the pressure of the (silver)

face of the thermode on the surface of the tissues did not

itself evoke a discharge from the unit - but this is not to

say that some such pressure effect did not nevertheless

modify any response recorded.

Radiant heat from a second lamp was used to prevent the

lower portion of the (clipped) limb from becoming cool to

the touch.

II.2.4.3 Chemical Stimuli

Solutions of putative algetic chemical substances

were infused, by means of a roller pump (Watson Marlow Flow

Inducer), through the cannula previously inserted into a

branch of the femoral artery (Section II.2.1.2). The

following solutions were tested: the concentrations quoted

being those of the active constituents-

Acetylcholine chloride (Roche Bros. Limited) ^0jx g ml
Synthetic bradykinin (BRS 6k0, Sandoz) 90^*g ml 1
Capsaicin (Merck) 0.1 mg ml ^
Histamine acid phosphate (Burroughs Wellcome) 50 jung ml
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5~hydroxytryptamine creatinine sulphate (May and Baker Limited)

30yAg ml 1
Lactic acid (3.D.H.) 0.1$ (w/v)

Potassium chloride (B.D.H.) (w/v)

Sodium chloride (B.D.H.) 6% (w/v)

Prostaglandin E^, Eg and (Upjohn Limited) 0.1 & 0.05 mg ml

The bradykinin was supplied in solution: the other

substances were stored as dry powder. The acetylcholine,

histamine and 5-hydroxytryptamine were dissolved in 0.9$ (w/v)

saline solution or in Ringer-Locke solution.

When the effects of sodium or potassium ions were tested,

the chloride was used, and KCl-Ringer and 0.9$ (w/v) saline

solution, respectively, used as the control fluid. The KCl-

Ringer solution had the following percentage (w/v) composition

(Evans, Schild and Thesleff, 1956): KC1 1.29, CaClg 0.012,

MgClg 0.02, KHCO^ 0.36, glucose 0.1. The capsaicin was
dissolved in a little 95$ ethyl alcohol, and then in 0.9$ (w/v)

saline solution (Webb-Peploe, Brender and Shepherd, 1972).

The prostaglandins were dissolved, in accordance with the

manufacturer's advice, in 0.2$ (w/v) sodium carbonate solution,

and the preparations were then stored in a freezer. As a

standard procedure, the roller x^ump was set to deliver 1 ml

min . Infused solutions took 6O-65 seconds to traverse

the tubing and the cannula.
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Potassium ions were found to produce non-specific

stimulation of many receptors, and infusions of these ions

were therefore used to test the efficacy of the infusions,

when this was in doubt. Tests with potassium ions, and

with methylene blue solutions (used to colour the muscles)

showed that infused solutions did not consistently enter the

tissues under study unless the femoral vein was occluded:

the threads looped around the femoral blood vessels were

thenceforth used routinely to constrict tnese vessels during

the infusions.

In most instances the infusions were made in the

sequence: (i) control fluid, (ii) control fluid plus drug,

and (iii) control fluid alone. Unless specifically stated

otherwise, effects were credited to the drug only when the

infusions of the control fluid ( i.e. the fluid in which

the drug was dissolved) failed consistently to produce any

apparent response from a receptor. In some instances with

each drug, however, the drug was injected first (i.e. before

the control fluid alone ) in order to test the possibility

that the control fluid alone, while not evoking any apparent

change in a receptor, was nevertheless modifying the sensitivity

of the unit to the stimuli. Furthermore, for each drug,

an infusion was made into at least one preparation before any

other drug had been tested in the same preparation(s).

Ischaemia was produced in the muscles under study by

placing sufficient tension on the threads looped around the



Figure II. U A ana C Waves in Sural Nerve

Action potentials evoked in tne sural nerve of a rabbit by

electrical stimulation of the nerve. Polarizing currents

are not in use. 1'he respective strengths of the (0.1 msec

single shocks were (A) 0.07 V, (B) 0.3^ V, (0) 1.76 V, (D)

2.7 V and (E) h.65 V. Conduction distance =5.7 cm.
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Figure IX.5 C Waves Evoked in a Tibial Nerve Strand

The tracings show the display produced by the BIQMAC-500

Computer of the averaged signals from 32 successive single

shock (3.65 V, 0.5 msec) stimuli to a strand of the tibial

nerve that contained fibres innervating the gastrocnemius

and soleus muscles of a cat. A polarizing (30tyiA) block
of the tibial nerve distal to the stimulating electrodes

was in use. The C waves are indicated by arrows. The

BIOMAC-500 sweep's were triggered 20 msec after the electrical

stimulus to the nerve, and the earlier-evoked potentials are

therefore not displayed.
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Figure II.6 Polarizing Block of Sural Nerve of Cat

Successive traces taken (from above downwards) with polarizing

electrodes placed on the sural nerve of a cat between the

stimulating and the recording electrodes.

Uppermost (Control) trace shows A and C waves.

Block 1 - Activity evoked by 300y>A blocking current.
Block 2 - Activity 20 seconds later (block unchanged).

Block 3 - Evoked activity has disappeared after further
A

10 seconds.

Control - One minute after removal of polarizing block.
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Figure II.J Effect of Polarizing Block on Conduction

'Through a strand of the Tibial Herve

Trace A shows an A-delta and a C wave evokea in a strand of

the tibial nerve of a cat by an (3 v, 0.5 msec) electrical

shock (at arrow) to the tibial nerve: a polarizing block of

200yuA being applied distal to the stimulating electrodes.
Trace b snows the additional douoie-peaned wave wnicn

appeared consistently when a polarizing current was reduced

until muscle twitches just appeared.

Trace C shows that increasing both the electrical stimulus

and the polarizing current leaves latency of A wave un¬

affected, but the late wave from the muscle is delayed, and

occludes a large part of the directly-evoked C wave.
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femoral and saphenous blood vessels to obstruct the flow of

blood. Tetanic stimulation of the tibial nerve for 15-30

minutes was then used to exercise the muscles under study.

In one rabbit lymph was collected from the efferent

vessel from the popliteal lymph node in the contralateral

hindlimb during similar tetanic stimulation of the muscles

in that limb, and then infused into the ipsilateral limb.

II•2.5 Histological Examination of Tissues

During the course of the experiments small pieces

of tissue containing an identified nociceptor were dissected

free from the surrounding muscle and/or connective tissue,

placed in fixative and then stained variously by Schofield's

Solochrome or Gladden1s Silver metnoris.

II.3 R£S ULTS

II.3.1 The Effects of Polarizing Currents

An electrical block of conduction in the tibial ner

distal to the stimulating electrodes was used to prevent

muscle contractions from occurring during measurements of

conduction velocities. The polarizing currents were found

to initiate discharges in the nerve during the early stages

of a block, and to produce, in other experiments, a marked
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decrease in the rate of conduction of impulses through sr.all-

diameter nerve fibres.

The presence of A and C fibres in peripheral nerves

was established by stimulating and recording from the sural

nerve (Figure II.4); polarizing currents were not applied to

the nerve in this instance. The sural nerve was examined

because the C waves were much more readily demonstrated in

this nerve than they were in the nerve branches to the muscles

under investigation. The presence of C fibres in strands

of the tibial nerve that innervated the lateral gastrocnemius

and soleus muscles were demonstrated, however, by averaging

the signals produced by a series of single electrical shocks

to the nerve (Figure II.5), using the polarizing, stimulating

and recording arrangement shown in Figure II.1.

The two prominent effects of the polarizing currents

are illustrated in Figure II.6. The traces shown were

recorded from the sural nerve of a cat while polarizing

electrodes were in position between the stimulating and

recording electrodes. Application of a 250jaA polarizing
current elicited an irregular discharge which persisted for

approximately 30 seconds, and then disappeared completely.

The amplitude of the A wave was concurrently reduced. There

was also some reduction in the amplitude of the C wave, together

with a marked increase in the latency of this wave. The

block of conduction persisted for 20-30 seconds after the

polarizing current was switched off. The A and C waves then
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reappeared in what seemed to he their initial form, and it

was concluded from this, and similar tests in other prepara¬

tions, that the polarizing blocks did not produce a permanent

change in the afferent fibres in the nerve. (Prolonged

application of a polarizing block led, in some instances,

however, to a permanent loss of conduction).

A shift in the latency of a C wave, but not of an A-delta

wave, as a result of the application of a polarizing current

between stimulating and recording electrodes on the tibial

nerve is shown in the recordings from a strand of the nerve

that are reproduced in Figure II.J.

As a standard procedure, the stimulating electrodes were

positioned with the cathode proximal, i.e. closer to the

recording electrodes. The polarizing currents were most

effective when given this same orientation: currents of k0~

50j.j.A commonly being sufficient to block A fibres. The size
of the current necessary to jjrevent muscle twitches varied

considerably between preparations, within the range 90ytvA to
1.2 mA; being determined to a large extent by the effective¬

ness of the contact between the nerve and the agar: currents

of approximately 1 mA were often required after movement of

the nerve (induced by muscle contraction) had fractured the

agar in the trough of the polarizing electrodes. The

efficiency of the polarizing block was not affected by the

proximity of the stimulating electrodes, provided the anode

of the latter was more than 3.5 mm from the trough of the



Fi^ura II.8 Location of nociceptors in the Hindijab of the Cat

The locations on the lateral aspect of the limb (filled circles)

of nociceptors that responded to severe local pressure.



 



Figure 11.9 Location of flociceptors in the Hindlimb of

The Rabbit

The locations on the lateral aspect of the limb (filled

circles) and the medial aspect of the Achilles tendon

(open circle) of nociceptors that responded to severe local

pressure.
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"blocking electrodes.

II.3.2 Responses to Mechanical Stimuli

Thirty-seven units -were isolated (17 in cats and

20 in rabbits) which responded only to severe local pressure

(2-30 g wgt in cats, 2-23 g vgt in rabbits) and not to flexion,

extension or rotation of the ankle joint, or squeezing of the

foot. Most (32) of these units gave no response to passive

tensions of up to 2 kg wgt in the muscle tendons. The re¬

maining 5 units produced a brief discharge at the onset of

an increase in tension in the tendons, and responded to 50 Hz

vibration of the adjacent tissues.

Receptive Fields

In both cats and rabbits the units isolated characteris¬

tically had small receptive fields, varying from 2x2 mm to

approximately 5 x 10 mm, grouped mainly in the region of the

musculotendinous junctions (Figures II.8, II.9), being

associated with the fibrous tissue sheaths and partitions of

the lateral gastrocnemius and soleus muscles where the

muscle fibres merged into the tendons. Dissection below

(i e. deep) to each unit showed most to lie within the substance

of the muscl e/t endon, father than in the fascia, but to be

relatively superficially placed. Dissections were usually

not continued in order to isolate the smallest possible piece
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of tissue that contained an active unit, because histological

examinations (under a light-microscope) of silver-stained

tissues from the first preparations studied showed large

numbers of nerve fibres and apparently 'free' nerve endings,

any one of which could have initiated the activity detected.

Units which lay within the tendons themselves responded

much more vigorously to squeezing the tendon with forceps ot

a clip than to steady pressure over a wider area, even when

the tendon was supported from the opposite side. The

receptive fields of these units were usually only 2-3 mm wide.

Three units lay within the fascial sheath overlying the

belly of the lateral head of the gastrocnemius muscle, and

two others lay deep within the connective tissues, close to

the caudal aspect of the shaft of the tibia. Considerable

caution was found necessary in classifying deeply-situated

units as nociceptors, for several other units responded when

first isolated with a phasic response to heavy pressure, yet

movement of the lower limb, with the accompanying movements

within the gaskin muscles, produced an abrupt change in the

responses of these units, and most then responded like

typical muscle spindles. The many low-threshold units

identified in the course of isolating these nociceptors were

widely distributed throughout the muscles and their tendons,

and not restricted to the region of the musculotendinous

junction.



Figure 11.10 Nociceptor Responses to Sustained Pressure

Traces A and B show the rapidly-adapting responses of two

separate units to steady pressure from a rigid probe. The

arrow-head represents approximately the point at which the

stimulus was applied.

Traces C and D show the sustained responses of each of two

other units to steady pressure from a rigid probe.
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Figure 11.11 Action Potential in a Single Afferent Fibre

Evoked by Electrical Stimulation of the

Tibial Iferve

A monophasically-recorded action potential evoked in an

afferent fibre dissected from the tibial nerve of a cat by

an electrical stimulus to the nerve. Since an unusually

short conduction distance (1.5 cm) was used in this instance,

a signal used to monitor the 0.1msec shock to the nerve

appears in the middle trace, and the corresponding stimulus-

artifact is seen in the uppermost trace. ( A vertical distance

equal to the length of the 1 msec interval is equivalent to
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Figure 11.12 Histograms of Interspike Intervals in Discharges

from nociceptors under Constant Pressure.

Histograms of the intervals between successive impulses in

the sustained discharges of three nociceptors responding to

constant pressure. The unit shown in A has a mean frequency

of 1^0.1 s ■*", that in B, 25.8 s and that in C, 8.^ s
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Figure 11.13 Histogram of Interspike Intervals in the

Discharge from a Muscle Spindle under

Constant Tension

The very regular discharge is typical of that from muscle

spindles under constant tension. The frequency of the

discharge is 21.2 s 1.
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biscnarges

Most units continued to discharge to maintained pressure,

the discharge ceasing within 30 seconds after the removal of

the stimulus. The discharge varied between units: in some

instances it was rather irregular (Figure II.10): but in other

cases it was very regular (Figure 11.12), and resembled those

of muscle spindles under constant tension (Figure II.13).

Most of these sustained responses were of comparatively low

frequency (1-100 s ) .

The conduction velocities of the corresponding afferent

fibres in the tibial nerve ranged between 0.6 and 47.5 m s ,

and most were between 4 and 10 m s Monophasic recording

revealed that action potentials in A-delta fibres had a

duration of approximately 1 msec (Figure II.11), and that

those in 0 fibres persisted for approximately twice this

perio d.

One unit isolated produced single impulses in synchrony

with the arterial pulsations. The conduction velocity in
-1

the nerve fibre was 2.3 m s . The discharge ceased while

the femoral artery was occluded, and while the blood pressure

of the preparation was below 122 mmHg - the blood pressure

being lowered temporarily by withdrawing blood into a syringe,

from the cannula in a carotid artery.
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II. 3. 3 Responses to Thermal stimuli

Only a small number of units responded to thermal

changes, and of these, only a single unit, in the proximal

third of the Achilles tendon in a rabbit, could be stimulated

by applying heat (by means of a brass rod at 50°C).

The discharges of two other units are represented in

Figure II.lU. These units discharged at 26.6 s and 56.4

s once the temperature fell below 30°C and 27.5°C, respec¬

tively. Another unit, again in a cat, had no resting dis¬

charge at normal pool temperatures, but commenced firing at

3 impulses s ^ once the local temperature fell below 35«4°C,
the discharge continuing until the temperature fell below

31.0°C. Heating the receptor area back towards its normal

temperature produced a similar discharge within the same

temperature range, and the same cycle of responses was

obtained on successive trials.

11.3.4 Responses to Chemical Stimuli

It was a striking feature of the results tnat the

nociceptors that also yielded responses to infused chemicals

lay close to the divisions of the larger blood vessels to the

lateral gastrocnemius muscle in the region of the musculo¬

tendinous junction.



Figure II.1U Histograms of Interspike Intervals in the

Spontaneous Discharges of Cold Units at a

Constant Temperature

Histograms of the iatervals between successive impulses in

the spontaneous discharges of nociceptors at 27.5°C (upper

graph) and 30.0°C respectively. The corresponding mean

frequencies of the discharges are 56.U s * (upper) and

26.6 s (lower).
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Figure 11.15 Responses to Infusions of Prostaglandin Soluti<

The tracings in A show the response of a single unit in a

-1
cat to an infusion of Prostaglandin E^ at 0.1 nig ml . The
upper and lower 'control' tracings show, respectively, the

absence of a response to infusions of 0.2$ (w/v) sodium car¬

bonate solution before and after the test infusion.

The tracings in B show an increase in the activity of each

of two fibres in a tibial nerve strand after a first infusion

-1
of Prostaglandin E^ at 0.1 rag ml . It was unusual to obtain
a response to a second infusion: the tracing shown here was

obtained after the femoral artery had been totally occluded

for five minutes. The discharge shown continued for 1 minute

and tnen ceased completely.
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The ageuis tested could, be divided into two groups.

The first group, formed by sodium and potassium chlorides

and by capsaicin produced a massive , irregular discharge

from many other receptors besides the nociceptors isolated,

and prolonged infusions produced fasciculations in the

muscles. In a typical instance, infusion of 0.2 ml of

capsaicin solution produced an irregular discharge from a

nociceptor unit that persisted for h minutes, and at the

same time also produced a similar response from a muscle

spindle unit in the same nerve strand.

The other substances tested each produced a definite

but small increase in the discharge frequency of a limited

number of nociceptors tested, without producing any change

in the mean frequency at which muscle spindle units discharged.

The discharge evoked from one unit in a cat by the infusion

of 0.1 mg ml of prostaglandin E^ is shown in Figure II.15A.
Another unit, in a rabbit, responded briefly to an infusion

of prostaglandin E,J} but no responses to prostaglandin

were observed. Responses were not obtained to repeated

infusions of the prostaglandin solutions, except in the instance

shown in Figure II.15B, in which the blood flow in the femoral

artery had been totally occluded for five minutes.

Apart from the unit just described, only one other unit

was found to respond to ischaemia. This unit responded with

repeated bursts of 6-7 impulses once the blood pressure of
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the preparation had fallen below 30 mm Hg5 in the course of

a precipitous fall in blood pressure at the end of an experi¬

ment. No definite increases in discharges from the noci¬

ceptors were observed in response to the combination of

occlusion of the blood supply and sustained tetanus of the

muscles.

Repeated infusions of histamine occasionally produced

extensive petechiation in the muscles, and repetitive infu¬

sions of prostaglandins into cats was followed by profuse

salivation and increased respiratory excursions. Infusions

of the various agents into the decerebrate preparations and

into preparations injected with pentobarbitone sodium solu¬

tion gave similar results to those obtained in preparations

anaesthetised with chloralose^urethane solution.

The one infusion of lymph from the contralateral limb

did not produce any detected change in the activity recorded

in the ipsilateral tibial nerve.

II.3.5 Histological Observations

As stated earlier (Section II.3.2), examination of

the histological material by light microscopy revealed large

numbers of nerve fibres and apparently 'free' nerve ending3

in the tissues, and the activity that had been recorded could

not be linked to any one structure.
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11. M DISCUSSION

The present experiments have confirmed the presence

of specific nociceptors in skeletal muscles. The isolation

and description of these units had been based on single-fibre

dissection of nerve-strands, the use of specific stimuli, and

the use of polarizing blocks of nerve conduction.

The mechanoreceptors classed as nociceptors did not

respond to passive tensions of up to 2 kg wgt in the Achilles

tendon. This maximum tension was considered adequate, even

though the tendons of three muscles were involved, for the

maximum twitch tension in the cat's soleus muscle i3 approxi¬

mately 0.25 kg wgt, and that in the tibialis anterior muscle,

although not a muscle used, in the present study, is approxi¬

mately 1*25 kg wgt (Hunt and Kuffler, 1951, Bowman and Zaimis,

195Q; Matthews, 1972). Almost all of the units that did

respond to tension in the tendons did so at tensions of less

than half of this maximum. Tensions approaching 2 kg wgt

produced pronounced stretching of the muscles and tightening

of the fascia around the popliteal blood vessels ana nerves,

but the small amount of tension produced in the nerves them¬

selves is not thought to have had any significant effect

(Gray and Ritchie, 195*0 on their conduction of impulses.

The point in the tendon at which the wire from the strain

gauge was attached moved through approximately 5-7 21m in both

cats and rabbits, a distance comparable with the h-l6 mm
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movement in the tendon of the soleus muscle of cats reported

"by Gcslow, Reinking and Stuart (1973) , and the movement

through 1 mm of the attachment of the Achilles tendon for

each degree of arc through which the ankle joint is flexed

(Houk, Singer and Henneman, 1971). Measurement of the

pressure applied to a unit was less precise, for the pressure

developed at a receptor-site would probably be affected by

the background tension in the muscle and its tendon and by

the compliance of the surrounding tissues. An observed

decrease in a unit's activity may therefore have resulted

from a decrease in the effective stimulus-intensity produced

by movement of the surrounding tissues, but this possibility

is net thought to have blurred the sharp distinction between

high-threshold units that also show a transient discharge

at the onset of 3tretch and the units in the same class that

produce only a slowly-adapting discharge to applied pressure.

The use of high intensities of stimulation introduced

the possibility of damage to the tissues under study. In

particular, the physical isolation, by dissection, of the

tissue containing an active unit in order to confirm the

relatively superficial location of the unit involved unavoidable

trauma, despite efforts to keep such dissection to a minimum.

The responses obtained from a unit following such dissection

remained, apparently unchanged, except where, presumably because

of damage to the receptor itself, a discharge stopped abruptly
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and could not be re-elicited. It can also be argued that,

irrespective of the normality of the receptor, the discharges

recorded in the presence of this dissection-trauma could

resemble those likely to follow natural injuries. The

use of dissection to confirm a receptor's location was

thought necessary, for more sensitive but distant units were

not always recognized at fir3t.

There were two main types of discharge. Most units

produced slowly-adapting discharges, with impulses at rela¬

tively low frequencies, which did not persist for more than

about 30 seconds after the stimulus was removed. This type

of discharge has been described by Bessou and Laporte (l96l).

The units isolated in the present experiments had fibres

with a wide range of conduction velocities in the main nerve

trunk. As found by Paintal (i960, 1961), most were Group III

fibres: the small number of C fibres isolated was probably-

due to a combination of sampling bias, technical difficulties,

and the relatively small proportion of C fibres in muscle

nerves.

Pew units responded to temperature changes. This seems

surprising in view of the relatively superficial location of

the receptors in the muscles and tendons and their proximity

to the overlying skin. The constancy of the responses of

the thermoreceptors that were studied suggests, nevertheless,
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that the observed sensitivity was a normal characteristic

of the particular units.

Although the responses of the chemical substances

infused were clearly distinguished from any effects attri¬

butable to the control fluids, the possibility of interaction

between agent and vehicle-fluid remains unrefuted. There

was no evidence, however, that the control fluids did

stimulate any receptors directly, or that the infusion-

pressures were large enough to stimulate any mechanoreceptors.

The proximity of the chemoreceptors to the branches of

the larger blood vessels suggests that their primary role

may be the monitoring of the composition of the blood,

especially since substances such as bradykinin are very

rapidly destroyed in the tissues (Suzuki and Iwanaga, 1970).

The limited number of units sensitive to the individual

chemical substances infused emphasises once again the high

degree of specificity in the responses of the units.

The use of single-fibre dissection, although not

producing a large population of isolated units, has neverthe¬

less provided unequivocal evidence of the individuality of

the units that were identified. The use of polarizing

currents to prevent muscle contractions is not thought to

have had any deleterious effects of the nerve, especially

since the currents were applied for the minimum possible
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time in each instance, and did not appear to produce perma¬

nent changes in the discharges recorded. The initiation of

transient discharges from the site of the block means, how¬

ever; that such polarizing currents could not safely be used

in other experiments -fcowftaft provide a differential block of

A-fibre activity. The present study has also avoided the

extensive dissection of the bellies of the gastrocnemius and

soleus muscles. The conduction velocities of the smaller-

diameter fibres are likely to be slower in the muscles than

in the main nerve trunk Iggo, 1958a), but the present study

had not provided any evidence relating to this probability.

The injection of the muscular relaxants used in other experi¬

ments in place of the electrical polarization of the nerve

would have introduced the possibility of interactions between

the relaxant and the test solutions, and the probability of

extensive stasis of blood flow in the limb.

The knowledge that specific nociceptive stimuli to the

gaskin muscles are likely to excite only the corresponding

receptors, and not produce a mass response, could be used in

tracing the central destinations of the impulses produced

from these nociceptors.
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SECTION III - DISCHARGES ARISING WITHIN DORSAL ROOT GANGLIA

SURGICALLY ISOLATED FROM THE PERIPHERY

III.I la troduction

A study in the macaque mousey of deraatoaes isolated

by tne method of 'remaining sensibility' (Sherrington, 1oj»3»

icyS) revealed, as indicated in Section 1.1, that a deraatoae

isolated by section of the adjacent spinal nerves distal to

their dorsal root ganglia was approximately twice as large

as the dermatome isolated by the more usual method of

sectioning the dorsal roots of tne same nerves wituin tne

dura mater, and that responses indicative of persisting

hyperaesthesia were evoked by stimulating tne shin close to

the sensory boundaries (Kirk and beany-Srown, 1970). It was

thought that the enlarged dermatome could have been produced

in part by activity arising within the dorsal root ganglia

of the adjacent spinal nerves following their isolation from

the periphery, and the experiments described below were

undertaken to investigate this possibility.

III.2 METHODS

Discharges arising from within dorsal root ganglia were

recorded in the dorsal spinal nerve rootlets in cats and

rabbits; the same general procedures being used in both

3pecies.
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III.2.1 Surgical Preparations

Studies were made of cnroaic and of acute preparations.

III.2.1.1 Cnroaic Preparations

(a) Sectioa of Spiaal derves 'distal to ganglia'

la a preliminary operation on eact of 8 mongrel cats

(1.9-2.9 and 2 Californiaa rabbits (1.5, 2.3 kg) under

pentobarbitone sodium (*ISeiabutalM , Abbott) anaesthesia and

with aseptic precautions, some or all of the L2-L6 spinal

nerves on one side were sectioned distal to their respec¬

tive dorsal root ganglia. (In most oxierations tae L5

spinal nerve was not sectioned). The dorsal spinous

processes of the vertebrae were left intact, the ipsi-

lateral dorsal musculature reflected laterally and each

ganglion uncovered by removal of the adjacent vertebral

articular processes. Sufficient additional bone was

removed to expose the nerve roots distal to their emer¬

gence through the portion of the dura aster, hereinafter

called the 'spinal dura', surrounding the spinal cord itself.

The small nerve branches to adjacent tissues were divided,

and haernostats applied to accompanying blood vessels. The

dorsal root ganglion and a 1 to 3.5 cm length of spinal nerve

distal to it were exposed after removal of the overlying

vertebral transverse processes. The spinal nerve was

sectioned 0.5 - 3.0 cm distal to the ganglion, and a 3r5 mm

length of the distal stump extirpated to prevent effective



Figure III.1 Recording from a Dorsal Rootlet

Diagram to show a dorsal rootlet (of the L5 spinal nerve of

a cat) on "bipolar recording electrodes. The dorsal and

ventral nerve rootlets have been sectioned, the nerve

branches to surrounding tissues divided, and the spinal

nerve sectioned distal to the dorsal root ganglion. Exposed

surfaces of bone are stippled. The term 'spinal dura' is

used to describe tne (reflected) portion of the dura mater

which encloses tne spinal cord itself. (Outside the 'spinal

dura' the ventral rootlets lie beneath the dorsal rootlets

and the ganglion).



Recording
electrodes

Dorsal root

ganglion



(III-3)

regeneration {Figure III.l), The proximal stump was gently

separated from the surrounding tissues and all remaining

nerve branches (including the rami coauiuaicaates) severed,

to free the ganglion and the dorsal and ventral nerve roots,

in toto, as far proxitually as the 'spinal dura*. Care was

taken to minimise traction on the spinal nerve and its roots,

Haemorrhage was minimal in cats, but in rabbits it was found

necessary to use small pledgets of muscle to arrest oosiag

from, the larger veins.

'Mock' isolations of individual dorsal root ganglia were

perforaat in two of the cats: the spinal nerve and its ganglion

were separated from the surrounding tissues, but the spinal

nerve itself was left intact. Because the nervous tissue

isolated in an acute experiment was to depend for its blood

supply on vessels that accompanied the ventral spinal nerve

rootlets, no attempt was made to section these ventral root¬

lets at a preliminary operation. The clorsal and the ventral

spinal nerve rootlets merged to form the spinal nerves in

such close proximity to the (often elongated) dorsal root

ganglia that it was not thought possible to section the dorsal

rootlets alone distal to these ganglia.

(b) Section of Dorsal Spinal Nerve Rootlets

'Proximal to Ganglia*

la other preparatory operations, in 1 cat (k.4 kg) and

2 raboits (1.3, 2.0 kg), the dorsal rootlets of the L2~Lb

spinal nerves on one side were exposed by heiai-lttaunectoisy
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ana longitudinal opening of the 'spinal aura', and

sectioned close to their entry into the spinal cord. The

spinal nerves and tneir dorsal root ganglia -were not un¬

covered in these operations.

(c) Care of Chroaic&lly-Prepared Animals

The animals were warned by radiant neat during their

recovery froia anaesthesia in order to ox'fset the fall in

body temperature characteristic of pentobarbitone sodium

anaesthesia (Fulton, 19^3). As observed in other experi¬

ments in this study (Section II.2.1.1.), the hypothermic

effect was more obvious in rabbits than in cats.

She cats in wnich the spinal nerves had been sectioned

distal to their dorsal root ganglia (i.e. 'distal to gangli

preparations) were kept alive for 1, 3, 7» l$t 20 and 21 day

and the two rabbits for 7 ana. 19 days, respectively. The

2 raobits and the cat in which the dorsal rootlets of the

spinal nerves nact been sectioned close to the spinal cord

(i.e. 'proximal to ganglia' preparations) were kept for 1,

Id and 21 days, respectively. In this time none of the

animals from which the results quoted were obtained showed,

any febrile reaction, loss of appetite or reluctance to move

Two other animals were destroyed because it was thougnt they

were becoming distressed.
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III.2.1.2, Acute Preparations

ma.cn oi* ius chronic preparations, together with five

otner (previously unoperated) animal& (4 -cats, 2.0 - 3.8 fcg,

aau x raooiit, i.y kg) was then studied iu a terminal acute

experiment* The uaiiuals were anaesthetised with ehlor&lose/

uretaaa® solution (anaesthesia being induced in cats with

etayi cnloriae and ether) and taeir blood pressures, body

temperatures and respiratory exchanges monitored oy using

the procedures already summarised in Section II. 2.1.1. One

cat wa3 decerebrated wnile under ether aaasstnesia, tne

administration of ether then discontinued, and the prepara¬

tion immobilised a3 before with gallamiue trietniodide

('Flaxedil', May and Baker),

a laminectomy extended from L2/L3 to L7. In some

experiments tne previously-isolated ganglia were left within

tneir fibrous adhesions until after the initial electrical

recordings had been made. In each of these acuta experi¬

ments the surgical procedures outlined above for the

cnroaic preparations were used to expose ipsilateral L3-Lo

spinal nerves not previously uncovered, but these spinal

nerves were not sectioned at this stage, The'spinal aura'

was opened longitudinally and the exposed spinal cord covered

by liquid paraffin (Liquid Paraffin B.P., Evans) maintained

at 36-31 °C by radiant heat frota a lamp.

III.2.2. Recording of Observations

The sensory and reflex responses of the chronic prepa¬

rations were assessed before these animals were used, along
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with the other cats and rabbits, in the acute experiments

to record the discharges in dorsal spinal nerve rootlets.

III.k.2.1 Aaaessaeat of Responses of Chronic Preparations

Each chronic preparation was inspected daily, and

the extent of the band of insensitive shin detected by means

of segmental reflex akin twitches, and by small aovaasata

of the limbs or head elicited by sovei&eats of hairs and/or

pressure on the skin. The responses were seen most clearly

when the animal was sitting or lying -guietiy and, if a cat,

purring. The sensory boundaries were marked on the sain

in coloured iaks and charted on figurines.

III.2.2.2 Electrical. Ha cordings from Acute Preparations

Each dorsal rootlet of the spinal nerve under

study was sectioned close to its entry into the spinal cord

and lifted, as required, onto bipolar silver-siiver chloride

recording electrodes beneath the surface of the paraffin

(Figure III.l). Serve impulses in the dorsal rootlets

and tae spinal nerves were detected with the recording

equipment described in Section II.2.2. A dissecting

microscope (x ^0) was used to magnify tae tissues.

la four cats iaaividuax dorsal rootlets were auodivided

by micro-dissection (see bectioa II.2.1.3) until tae only

intact fibre remaining in the strand placed on the recording
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electrodes was a fibre conducting the spontaneous discharge

of a single unit. The conduction velocity of the fibre was

then measured. (The presence of a single fibre was assumed

when a strong electrical stimulus would evoke only a single

action potential in the strand).

III.2.3 Confirmation of Surgical Lesions

In all cases the identity of the individual spinal

nerves was checked at autopsy.

At tne conclusion of each terminal experiment the

dorsal root ganglia under study, together with the corres¬

ponding ganglia on tne contralateral (control) side were

placed in 10$ (w/v) formol-saline, and lOyutm paraffin
sections subsequently stained by a Metnyl Green-Pyronin

method.

III. 3

III.3.1 Cutaneous Areas of Remaining Sensibility

In tne cat and tne rabbits in the 'proximal to ganglia'

group tne band of insensitive skin cranial to the L5 derma¬

tome was approximately 3 cm wide in the first few days

after operation and did not shrink by more than 0.5 cm in

the remainder of the survival period of up to 21 days

(Figure III.2). After the first day the reactions evoked



Figure III.2 Cutaneou3 Insensitive Areas

Bands of insensitive skin (cross-hatched) one veek after

section close to the spinal cord of the dorsal rootlets of

the L2-Lb and. L6 spinal nerves in a cat and of the L3, Ll*

and L6 spinal nerves in a rabbit (upper charts) and one

veek after section of the same respective spinal nerves

distal to their dorsal root ganglia in tvo other animals

(lower charts).
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from tne skin adjacent to the sensor/ boundaries were le3S

intense than those evoked from the skin further craniad and

cauuad. The area from which local segmental skin twitches

could be evoked was slightly greater tnan that from which

conscious responses by the animal could be evoked, but tne

difference in the positions of the respective sensory boun¬

daries was only 2-3 ana.

In the animals in tae 'distal to ganglia' group the

band of insensitive skin was approximately 2 cm wide on tne

first aay, and narrowed progressively until, after the first

week, it was only 0.3 - 1.0 cm wine {Figure III.2). The

animals in this second group snowed larger, brisker and

more consistent responses to stimuli applied close to toe

sensory borders. The increased reactivity was particularly

apparent in responses to stimulation of the skin of the

ventral abuomen.

3o far as tne author is aware, tae dermatomes in the

rabbit nave not been mapped by eitiier the method of

'remaining sensibility' or by using electrical recordings,

but in the cats the positionsof the dermatome borders were

similar to those snown for tais species by kudu (1993) and

iiekmatpanan (l9ol), and the differences in the size and

reactivity of the eutaueous fields in ootn species were

similar to those already found in the macaque monkey.(kirk

and benny-brown, 1970).



Figure III. 3 Spontaneous Discnarges in -Dorsal Rootlets

Spontaneous discharges in individual LU dorsal rootlets of

a cat and a rabbit, recorded 10 and J nays, respectively,

after tac preparatory operation. Ids upper traces were

taken with the recording arrangement shown in Figure III.l.

The lower traces show impulses recorded while the tissues

floated free in liquid paraffin.
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Figure III * U Hi3 tograms of lutersplfce Intervals in

Spontaneous Discharges of Single Units

Histograms of the intervals between successive impulses in

the spontaneous discharges cf single units recorded in

separate dorsal rootlets ox" the L6' spinal nerve in 2 cats,

21 days (GC5) and U days (GC17)» respectively, after the

preparatory operations. The corresponding frequencies

of the three units are (A) 1 s (B) 12.9 s x and (C)

18.2 a"1.
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111.3.2 Limb Exteaaioa ia aa Acute Preparation

During tne preliminary surgery in an acute experiment

in a cat that nad. been maintained, in tne 'distal to ganglia*

group for 20 days it was observed that gentle pressure on

the stump of the portion of the Lb spinal nerve that

remained ia continuity witn its dorsal root ganglion was

followed by a rigid extension of the entire ipsilateral

nindlimb that developed over a period of 3-b seconds and

persisted for approximately 10 seconds. The response was

obtained three times before it fatigued, out was not evoxed

by stimulating any otner spinal nerves in this or any subse¬

quent preparation. Ido cnaage was detected in tne tone of

tne muscles of tae other limbs during tne extensor reactions.

111.3.3 electrical Recordings from dorsal Hoot Fibres

because of tae short length of the dorsal rootlets of

the 12 and L3 spinal nerves, most of the electrical recordings

were-made from rootlets of tne Lb, L5 and L6 spinal nerves.

(a) Spontaneous discharges in Dorsal riootlets in

Chronic Preparations

In cnronic 'distal to ganglia' preparations

spontaneous discharges were present in some or all of tne

corresponding dorsal rootlets from the commencement of the

recordings (Figures III.3, III.5) and remained apparently
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uncnanged (apart from transient increases following

mechanical stimulation of the spinal nerve - see below)

for the whole of periods of observation of up to 4 hours.

In 2 of the 3 animals examined within 3 days, dis-

cnarges were present only in one or two of the dorsal

rootlets of the L3 and lA spinal nerves and were limited

in each instance to between one and four separate groups of

impulses. In tue L6 nerves in these two animals, and in

all of the appropriate dorsal roots in the remaining

•distal to ganglia* preparations, impulses from a large

number of active units were present in each rootlet.

The spontaneous impulses ranged from 10 to 100 micro¬

volts in amplitude, and those spontaneous and evoxed

potentials that were recorded monophasically were of 1.0

- 1.2 msec duration. 'A&ny of the individual discharges

were very regular (Figure III.4): most ranged in frequency

-1
between 1 and 30 impulses s . Some discharges coxaprised

groups of 3 - 7 impulses at intervals of 100-200 msec.

The maximum conduction velocity measured in an active

strand before the spontaneous discharge was lost was 22 m

s The small sample of isolated single dorsal root

fibres in wnich spontaneous activity was present had

conduction velocities between 10 and 20 m s
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(b) avoied Discharges in dorsal hootlets

la noth acute aad chronic 'distal to ganglia*

preparations, pressure on the proximal end of a sectioned

spinal nerve (or on tne proximal end of the sectioned large

communicating branch between h5 and ho spinal nerves) pro¬

duced a massive increase in tne number of impulses recorded

tnat persisted for 10-15 secoaus before tne discharge

reverted to wnat appeared to be its initial form (Figure

III.5). The activity ia a dorsal rootlet remained

apparently unaffected by movement of other, adjacent tissues.

Tetanic electrical stimulation of the free end of the

portion of a sectioned spinal nerve tnat remained in conti¬

nuity wita its dorsal root ganglion did not appear to affect

the spontaneous discharge, but thi3 finding was based solely

on direct visual observation of tne oscilloscope display.

(c) Origin of tne Spontaneous discharges

It ia thought that the spontaneous discharges arose

within (or immediately adjacent to) the dorsal root ganglia.

This deduction ia based on the observations listed below.

In some instances a single dorsal rootlet having only 1-3

groups of impulses was left on the recording electrodes

during tne manipulations.
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(i) Tae a^ontaneoua discnar>ses did, not originate ia

the spinal cord.

The spontaneous discnarge ia a dorsal rootlet

reaaiaed apparently unaffected by section close to tne

dorsal root entry zone of tne spinal cord of tnose dorsal

rootlets of tne spinal nerve tnat dad not already been

sectioned, or by division of tne surrounding pia arachnoid.

(Tne sectioned rootleus were folaed so that they did not

toucn tne spinal cord). The spontaneous discnarge also

remained apparently unaffected by section within the

•spinal dura' of each of tne ventral rootlets of tne spinal

nerve ana of tne surrounding meninges, or by division of

any remaining blood vessels that crossed the intradural

space at this level. Division of the ventral rootlets

alone had no apparent effect on the activity in dorsal

rootlets recorded during periods of observation that lasted

several hours, but the spontaneous activity ceased within

minutes of division of tae blood vessels tnat accompanied

the ventral rootlets.

(ii) Tae spontaneous discharges dig not originate in

tne dorsad rootlets.

Tne sectioning of a dorsal rootlet between the

dorsal root ganglion and the recording electrodes at any

stage during the electrical recordings caused the immediate

and complete disappearance of any spontaneous discharges that

had been present in the rootlet.



(111-13)

Kaisin& la fe recoraiftft eiec (.roues oul of the paraffin

pool and. deliberately allowing a rootlet to dry in air would

often produce large numbers of impulses in addition to any

spontaneous activity already present, but this additional

activity would disappear when the rootlet was again sub¬

merged in the paraffin. In instances in which the

spontaneous discharge in a dorsal rootlet was limited to a

small number of impulses, and the rootlet was not lifted

out of the paraffin, no additional impulses (apart from

those x>roduced by mechanical stimulation of the proximal

cut end of the spinal nerve) were detected in the rootlet

during periods of observation that lasted for several hours.

(iii) The spontaneous discharges were not seen in

the ventral rootlets or in the spinal nerve

itself.

Spontaneous discharges were not detected when

the distal portion of a sectioned ventral rootlet, or the

portion of a sectioned spinal nerve that was still in conti¬

nuity with its dorsal root ganglion, was placed on the

recording electrodes. (In an attempt to increase the

likelihood of detecting any small-amplitude discharges,

the portion of tne spinal nerve itself was divided longitu¬

dinally into strands comparable in diameter to the spinal

nerve rootlets).



(111-11+)

Observations on the effects of local auaestaetic

solution indicated that the potentials evoked by mechanical

stimulation originated at or near the proximal cut end of

the sectioned spinal nerve, whereas tne spontaneous dis¬

charge was initiated further proximal. In 2 chronic

preparations in vhicn the L6 spinal nerve had been sectioned

3 cm distal to its dorsal root ganglion the usual marked

increase in activity was produced by touching the end of

the proximal 3tump of the re-exposed spinal nerve. Placing

this proximal end of tne nerve in a small pool of a 2% (v/v)

solution of Procaine hydrochloride h.P. ('Ravocaine-Vet,

Pfizer) beneath the liquid paraffin led within 2-3 minutes

to tne disappearance of all but tne steady spontaneous

discharge in the dorsal rootlets, and squeezing or re-

sectioning the end of tne proximal stump of the 3piual nerve

(or handling any more proximal parts of tne nerve) did not

then appear to change the discharge. When the end of the

spinal nerve was left in the local auaesthetic solution all

discharges in the dorsal rootlets disappeared within the

next 5 minutes. If the nerve was then removed from the

anaestnetic solution the steady discharge re-appeared,

aparently unaltered, after approximately one hour.

Re-sectioning a spinal nerve closer to its dorsal root

ganglion did not appear to affect any concurrent spontaneous

discharge recorded in a dorsal rootlet of the nerve.
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( iv) Tas spontaneous discnar..,es uid act originate in

tiaauej surro'aauiag the dorsal root ganglion.

The spontaneous discharge in a dorsal rootlet

remained after re-section of a spinal nerve distal to its

dorsal root ganglion by (i) sectioning through tne fibrous

tissue enclosing the proximal stump produced at the prepa-

tory operation and freeing tne mass of tissue (with the

enclosed spinal nerve stump, ganglion and nerve roots) from

the surrounding tissues, or (ii) dissecting tne nervous

tissue from the fibrous adhesions before separating it from

the surrounding tissues. In each instance the re-sectioning

produced a massive transient increase in the recorded dis¬

charge, which then disappeared to leave what appeared to be

the initial discharge pattern.

Confirmation that a spinal nerve sectioned at a prepa-

tory operation had not regained its integrity within

survival periods of up to 21 days was obtained at the

commencement of recording, in each of the 3 preparations

tested, oy stimulating the ipsilateral sciatic nerve

electrically at the level of the distal end of the femur

while recording from the dorsal rootlet3. Single 0.5 msec

shocks of up to 20 volts evomed potentials in tne dorsal

rootlets of adjacent , unsectioued L7 spinal nerves but

produced no apparent alteration in tne concurrent spontaneous

discharges recorded in the rootlets of the previously-
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sectioned. Lb spinal nerves. Furthermore» handling the

ventral rootlets of previously-sectioned spinal nerves

failed to evoke the vigourous iiab Movements that often

follow gentle manipulation of the ventral rootlets of

lumbosacral spinal nerves.

(v) 'ine spontaneous discharges persisted after

complete separation of tne nervous tissue

involved from the remainder of the preparation.

The spontaneous discharges were still present

in the dorsal rootlets after section of the 'spinal dura',

the dorsal and ventral rootlets, and the accompanying blood

vessels allowed the previously-freed dorsal root ganglion

and the attached dorsal and ventral rootlets, dural tags

and the proximal portion of the spinal nerve to float in the

liquid paraffin free of any contact with other tissues.

The activity in the dorsal rootlets persisted for approxi¬

mately 20-25 minutes (Figure III. 3) after division of the

blood vessels accompanying the ventral rootlets, before

diminishing q.uite abruptly and then ceasing altogether.

(a) Interval before u^oataneous Discharges appeared

It was found in the first two control (i.e.

previously unoperated) animals taat apart from a transient

surge of impulses immediately following section of some or

all of the already-exposed L2-L6 spinal nerves, activity
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did not arise in any of the corresponding dorsal spinal

nerve rootlets within the following 60 minutes. On the

other nand, activity was present in the dorsal rootlets of

the chronic preparation examined after 24 hours.

The interval before spontaneous discharges first

appeared was defined more exactly in 2 other (previously

unoperated) control animals. In the first of these the

L5 dorsal rootleta and surrounding pia arachnoid on one

side were sectioned at the commencement of the electrical

recordings, and the L5 spinal nerve sectioned distal to its

ganglion a few minutes later. Before the spinal nerve was

sectioxied, activity was present in each of tne corresponding

dorsal rootlets and was readily modified by movement of tne

ipsilateral hindlimb or stimulation of tne shin of the L5

dermatome. The activity recorded increased during tne

nerve-section and then, after 15-20 seconds, disappeared

completely. A brief (1-2 second) burst of noise in tne

audioamplifier after 2 nours 40 minutes heralded the appea¬

rance 20 minutes later of activity in one dorsal rootlet

and of many impulses in each of tne otner L5 dorsal rootlets

shortly afterwards. In the second eat the division of the

L5 dorsal rootlets (which in this preparation were not

accompanied by any large blood vessels) and of all

connections with the surrounding tissues was completed

first, the preparation left undisturbed for 3 hours, and

the L5 spinal nerve tnen sectioned distal to its ganglion.
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The occarrauci of dorsal root discharges followed the same

pattern as before, with tne activity re-appearing 3^ hours

after section of the spinal nerve. la both preparations

tae discharges that developed were of smaller maximum

amplitude (1Q-4G microvolts) than those found in chronic

preparations but, as with the latter, persisted ia eaca

aorsal rootlet for 2 hours of further observation, thea

disappearing 15-25 minutes after the nervous tissue

involved was separated from the remainder of the prepara¬

tion. Attempts in 3 otner animals to reveal impulses

from acutely-isolated ganglia were unsuccessful: appreciable

haemorrhage arose in these animals from blood vessels ia

tne vicinity of the spinal nerves.

Ia 2 of the chronic 'distal to ganglia* cats 'rnoch'

isolations of the 14 and Lo ganglia had been performed.

Spontaneous activity, resembling that recorded in tae other

preparations, appeared in the corresponding dorsal spinal

nerve rootlets 3-3a hours after section of the 14 and hb

spinal nerves at acute operation.

111.3.^. affects of hysterically Administered Gnemicals

It had been observed in experiments in tae macaque

monkey (Kirk and beany-brown, iy?Q) that the subcutaneous

injection of subcoavulaive doses of strychnine sulphate

solution was followed by an expansion of the cutaneous



Figure III.5 Effects of Pressure and of Strychnine

Sulohate Solution

The traces on the left show, from above downwards, the

spontaneous discharge (comprising a single impulse at a

frequency of approximately 1 s "*") in an LU dorsal rootlet

of a cat 3 days after section of the spinal nerve distal

to its ganglion^ the discharge evoked in the same rootlet

by pressure on the end of the proximal stump of the

sectioned iA nerve; the spontaneous activity after removal

of the pressure from the nerve-stump , and the absence of

impulses from the ventral rootlets of the lA spinal nerve.

The traces on the right show, from above downwards, the

spontaneous discharges recorded in an L6 dorsal rootlet of

a cat examined 20 days after the preparatory operation before
and 10, 15 and 40 minutes, respectively, after a subcutaneous

injection of strychnine sulphate solution, at 0.5 tag kg



Pressure Strychnine

Spontaneous

Pressui
on nerve

After pressure

Initial

10 mins

15 mins

Ventral root 40 mins
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sensory fields that reached its iiaxis.ua after 15 minutes

and persisted for an e<j.ual period. In 3 cats (d chronic

and 1 control) and 1 (chronic) rabbit in the present study

siiQcutaneous injection of this solution ('Btrycaaiae
— 1

sulphate" B.D.H.) at 0.5 aag xg aad no apparent effect

witain an hour on the impulses recorded from 'isolated*

ganglia (Figure III.5) even although reflex acitivity was

greatly increased and tne band of insensitive shin diminisuea

in sise. Similarly, the administration by stomach tube of

a solution of 3»4-i>iiiyuroxy-L-phenylalaniae ('L-Jdopa', Mercx)

at 50 mg hg "'"to 2 (chronic) cats naa no apparent effect on

the spontaneous discharges within a 2 hour observation

periou, although the preparations' reflex responses again

increased.

III.3.5 Histological txasiaatiou of Dorsal Root Ganglia

when examinee, under a light-microscope almost ail of

the histological sections of the dorsal root ganglia that

aad seen removed from cats and rabbits l-hl days after a

prepatory operation appeared indistinguishable from sections

of the corresponding c0atralateral normal ganglia in the
same animals. Small areas of necrosis, involving only a

few neurones, were seen in the exceptional ganglia.
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The presaat investigation has shown nerve impulses to

be present in some or all of the dorsal rootlets of lumbar

spinal nerves previously sectioned distal to their dorsal

root ganglia. The regularity of the impulses throughout

periods of observation lasting several hours, the apparent

absence of more than a transient change in their pattern on

manipulation of the surrounding tissues and rejection of

the nerve distal to its ganglion, and their absence

following section of the rootlet immediately proximal to

the ganglion indicates that they arose within, or close to,

the ganglion itself. Their persistence for approximately

25 minutes, after separation of the tissues from the

remainder of the preparation confirms this intrinsic origin.

It is thought that the spontaneous discharges did not

arise simply as a result of injury to the spinal nerves and

their branches. Adrian (1930) recorded spontaneous poten¬

tials in nerves of cats and rabbits after these nerves were

either slung on electrodes in air or excised and kept in an

artificial chamber, and in the present experiments numerous

potentials developed in a few instances in which a rootlet

was deliberately allowed to dry in air. Comparable

activity was not seen in rootlets kept beneath the surface

of the paraffin. The only massive increase in the number

of impulses recorded was produced by handling the end of
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tue proximal portion of a divided spinal nerve, and thin

increase was both transient and independent of any con¬

current spontaneous discharge. Handling the proximal

portions of the naay small nerve branches to surrounding

tissues or the ganglion itself did not appear to affect

the spontaneous discharges. The finding that impulses

were present in the dorsal rootlets in chronic but not

acute preparations from taa commencement of electrical

recordings, that the number of active neurones increased

the longer tne period of survival after the preparatory

operation and that tne number of impulses wa3 no more tnan

transiently increased wnea the nervous tissue involved va3

isolated from the remainder of tne preparation suggest

that the steady discharge was not caused by the trauma of

tne acute 0£jer at ions .

Furthermore, bathing the proximal end of tae spinal

nerve in local anaesthetic solution first abolished the

transieat bursts of impulses without appearing to affect

the steady discharge: the later (reversible) disappearance

of the steady discharge as well is consistent with the

spread of the anaesthetic solution to affect a more proximal

site of generation of the impulses. It is possible, how¬

ever, that in the absence of the anaesthetic solution, any

such mere proximal site was being affected by substances

carries to it ay axoplasmic flow (Lubiaslta, 1964) from the
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end of tne sectioned nerve. Bevan, Miledi and Gr&mpp (1973)

suggest, for example, til at after nerve injury Schwann cells

may develop a capacity to form acetylcholine. In the

present experiments, cnronic preparations were Kept alive

for up to 3 weeks and in this time the generator mechanism

could also have been affected by substances produced in the

muscles surrounding tne sectioned spinal nerves (rfatsoa, 1970).

The experimental method left each isolated ganglion

dependent for its olood supply upon tne vessels that

accompanied tne ventral spinal nerve rootlets. Tne dis¬

appearance of a spontaneous discharge approximately 25

miau&es after complete isolation of the tissues, and the

failure to record activity in tae control animals in vnich

severe local haemorrhage had occurred indicated that the

production of the discharges depended on an adequate blood

supply. The apparent normality of most of the histological

sections of the ganglia is also consistent with an adequate

blood 3upply to the ganglia having been maintained after

the preliminary operations in the chronic preparations.

Tae presence of spontaneous discharges in the single

decerebrate preparation suggests that the impulses recorded

in tne remaining preparations were not likely to have been

produced oy the cnloraloae/urethaae anaesthetic solution

used.

Previous studies have revealed delays in the transmission

of impulses througa dorsal root ganglia (Dun, 1955) and an
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extracellular ucciiBuiatioa of potassium ions in the ganglia

(Letbetter and Willis » 1969) . Tagini and Casiino (1973)

report that electrical stimulation at 20-100 -is. can produce

additional impulses from dorsal root ganglia in the frog,

but no evidence of this phenomenon was seen in the present

study, or ia the earlier studies of Svaetchin (1951), Ito

and oaiga (1959) a^a Sato and Austin (1961). Von Briieke

and isarly (19^1) failed to substantiate Kayaer's (1939)

claim that ayncaroaisation of impulses occurred within the

discharges from spinal ganglia in frogs. Observations

that spoataaeous discharges arise from dorsal root ganglion

cells ia tissue cultures (hakai, 1956* Peacock, 1973)

suggest that similar activity could arise vithin dorsal

root ganglia ia the intact animal. While it ia thought

that the spontaneous discnarges recorded ia the present

investigation arose within fcuc ganglia, no evidence was

obtained to indicate whether they were produced by aberrant

autonomic cells ia the ganglia (Mitchell, 1953), cells

with conspicuous intra-ganglioaic processes (Dogiel, 1903*

harris, 193U) or any other particular type of neurons,

in era was ao evidence that any of the impulses arose from

aberrant ceila ia the dorsal rootlets (Crosby, Humphrey and

Lauer, I902). She absence of activity in tae sectioned

ventral spinal nerve rootlets left ia continuity with

'isolated' ganglia means that no evidence ia available

iron tne present stuay to support the demonstration in cats
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that uuiiyelinated axons of cells in the dorsal root ganglia

pass into the ventral rootlets of the lumbar spinal aervso

(Coggeshall, Coulter and Willis, 197^).

The differences in the extent and sensitivity of the

cutaneous sensory areas observed in the cats and rabbits

used in the present study following nerve sections proximal

and distal to the dorsal root ganglia paralleled those

observed previously in the macaque monkey (Kirk and Denny-

brown, 1,970). The early onset and the persistence of the

discharges recorded in the present investigation do not

3 8 221 to correlate, however, with the earlier finding of a

3-4 day delay in the reduction in the 3ize ana sensitivity

of the dermatomes following re-section, witniu the dura,

of the dorsal roots of the spinal nerves initially sectioned

distal to their ganglia. The delay might have arisen

because inflammatory reactions at first counteracted the

effects of loss of impulses from the ganglia, or the change

may nave followed degeneration within the spinal cord of

afferent fibres and their collateral branches, and it

therefore aeeas that the predominant effects on afferent

transmission in the monkeys were produced by changes within

the spinal cord itself (Denny-Brown, Kirk and Yanagisawa,

1973). The apparent absence from the present experiments

of changes in dorsal root discharges after the administration

of atryenuine sulphate solution and of L-DOPA solution,
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despite the ^reaeuce of the increased reflex responses

characteristic of the effects of each of these substances

(hceles» 19»h j Anden. Jukes, Luadberg and Yyhlicky, ipou)

also supports the iaea that ia the earlier experiments la

monkeys these substances produced their effects by acting

within the spinal cord.

As will be emphasised in the study of inhibition of

transmission through the spinoeervical tract (Section IV) ,

there is considerable evidence for selective transmission

of afferent impulses through the spinal cord (Leclaa, 19bU,

Wall, 19ht5 Browna iiai&auu and Martin, 19T3, Brown, Kirk and

Martin, 1973) and intrinsic activity iu dorsal root ganglia

that develops, or increases, after changes ia the afferent

input through a peripheral nerve might enhance the trans¬

mission of the impulses conducted in the smaller-diameter

fibres (i.e. those likely to conduct impulses producing

delayed hyperasthetic responses). It may be significant

that all of the impulses ia the snail sample of active

fibres individually isolated, from dorsal rootlets in the

present study vara, on the basis of their conduction velo-
— JL

cities of 8-20 m 3 , 1.0-1.2 msec duration and relatively-

rapid disappearance after loss of their blood supply, small

myelinated (A-dclta) fibres (Iggo, 1953). These impulses

would thus augment the total small-fibre input into the

corresponding spinal cord segments.



The powerful extension responses in the ipsilateral

hindlimb of a cat that followed stimulation of the proximal

stump of a previously-sectioned lA spinal nerve recalls the

marked extension of the limbs in decerebrate cats seen in

Graham brown's now classic film (Lunaberg ana Pniiiips,

1973) of sucn cats walking on a treadmill, and observed

also by Lisin, Frankstein and Rechtman (1973). The exten¬

sion seen in the present study may have resulted from a

relative increase in small-fibre input into the lA spinal

segment - which would mean it was not in accord with the

concept of flexor reflex afferent fibres (Section I A. 2) -

or from ischaemic damage to interneurones in the spinal

cord (Curtis and Johnston, 197M-

Cnanges in afferent input from the periphery may., by

leading to intrinsic discharges from dorsal root ganglia,

come in some instances to underlie the development of

paresthesias or phantom pains (Ca3sinari and Pagni, 1969).

Discharges might also develop as a result of the decreased

sensory input that accompanies degenerative changes in

receptors distal to the site of nerve injury (Brown ana

Iggo, 1963). In an intact animal any intrinsic activity

in a dorsal root ganglion might be modified by centrifugal

impulses from the spinal cord in the dorsal as well as the

ventral roots of the spinal nerve (Barron and Matthews,

1935, 1933).
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It in also poasihi© ihut injuries to paripneral nerves

or to tiia spinal cora itself coulu to followed by tae develop-

»«at of spontaneous discharges within tae spinal cord com¬

parable vita those recorded frost the isolated dorsal root

ganglia. This possibility recalls Sherrington's (1U92)

concept of the dorsal root ganglion as a laterally-displaced

portion of the spinal cord. The similarities between the

responses to cutaneous stimuli observed in the present study

and the responses seen earlier ia macaque monkeys suggest

that diaenarges from isolated dorsal root ganglia are also

likely to occur ia other animals besides the cat and the

rabbit.



SECTION IV - SEGMENTAL AND DESCENDING INHIBITION OF

TRANSMISSION THROUGH THE SPINOCERVICAL

TRACT



SaCTIOH IV - SNGMiiNTAL AND DESCENDING INHIBITION

OF TRANSMISSION THROUGH THE SFINO-

CliRVIOAi, TRACT

IV. 1 Introuuctioa

Previous studies of tae spinocervical tract Rave

established three important features of the inhibition of

transmission through this sensory pathway (Section I.b.b).

First, the activity produced in a spiaocervical tract

neurone by afferent impulses in a peripheral nerve can be

innibited by activity evo&ed in otner peripaeral nerves

that enter the spinal cord at tue same segmental level

(Taub, 19bhj brown and Frans, 1969) or at more rostral

levels (i'aub, ly64). Secondly, electrical stimulation of

some areas of the train (cerebellar nuclei, mesencephalic

tegmentum, central ponto-buloar region and medullary

pyramids) evokes similar inhibition (Taub, 19ob; Fets, 19oo) ,

and thirdly, as snown by the restriction of transmission of

descending impulses by the application of cold-blocks to

tne spinal cord (Wall, 1967, brown, 1971)» inhibition is

produced by tonic activity in tne spinal cord.

'i'ne experiments descrioed below were undertaken in

order to study tne effects of both tae segmental and the

descending inhibitory mechanisms on individual neurones

in tne spinocervical tract, and to define tne locations

within tne cervical region of the spinal cord of the

descending pathways involved.
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IV.2 MSTriUDS

Observations were made during acute experiments in

12 unaaaesthestisad, spiaali3ed decerebrate eats (1.9-3.0

Kg). ilo rabbits were usedi indeed, as noted in beetioa

1.4.4.2, tae presence of a spiaocervical tract in the

rabDit aas jret to be confirmed.

IV.2.1 Preparation

Mach cat was anaesthetised with ethyl caloride and

ether ana tracheal, jugular and carotid cannulas inserted

by using the procedures outlined in Section IX.2.1.1.

The uacannulated common carotid artery was also ligated.

The spinal cord was transected at tae level of the first

cervical segment (Cl), the preparation decerebrated at the

intercollicular level and the administration of ether then

discontinued. The cervical, caudal thoracic and lumbar

regions of the spinal cord were exposed by laminectomy.

The preparations were immobilised during the laminectomies

and the subsequent recording by intravenous injections, as

in previous experiments (Sections II.2.1.1, III.2.1.2), of

gallaaine triethiodide solution (•Flaxeuil*, May and baker)

maintenance doaes being given wnen lauscle twitching re¬

appeared. As before, respiration was assisted with a

Palmer pump, and tne blood pressure and body temperature

monitored. The olood pressure varied more widely during
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the preliminary surgery fcnau it &*a i& the experiments

described it the earlier factions» eta a oi'teu fell aur ing

laniaeetaffiy at the caudal thoracic level. becomings

were aot ancle in preparations In which the olooa pressure

had fallen below TO as Hq» intravenous dextraaa ('Loaodex',

f'isoas Pharmaceuticals) were used in soue preparations to

maintain the blood pressure above this level. Alter the

preparatory surgery the preparations were transferred to a

stereetactic frame. At least i hours elapsed between the

final aaiuiaistration of ether and the beginning of the

electrical recordings.

I y. 2 . 2 Stimulating and Hecordia^ Procedures

Ins stimulating and recording apparatus was

similar to that described in Section II.2.2, except tnafc a

catxiode-follower was used in conjunction with a recording

ssieroelectrode, gated pulse generators (Devices Instruments)

provided the trains of electrical stimuli, and a Grass

oscilloscope camera (Grass Instrument Company) was used in

place of a Cosaor camera. The recording and stimulating

laicroelectrodee were made by sharpening (50ag/200ma) tungsten

wire (General Electric Company) alectrolytically in saturated

potassium nitrite solution (iubel, 1957) and then coating

the shaft with lacguer ('Insl-x', Inslex Products Corpora¬

tion) .



Figure IV.i fiecordiag of Peseenaing Innioition

A tungsten recording microelectrode (R^g) inserted into the
dorsolateral funiculus of tne spinal cord recorded discharges

in spiuocervical tract neurones evoked by stimulation through

the electrodes ana ^SSU^ Place(i» respectively, on the
medial plantar (MP) and sural (SU) nerves, or by natural

stimulation in the appropriate receptive fields.

In the first series of experiments (diagrams on right) each

of the four fascicles formed after removal of tne dorsal

columns from the rostral cervical spinal cord vas placed on

a separate stimulating electrode. In the second series of

experiments (upper left diagram) a stimulating tungsten

microelectrode (S) vas used to stimulate a 0.1? mm grid of

points in the cervical segments. Details are given in tne

text.

When recording segmental inhibition the contralateral MP

and SU nerves were also mounted on stimulating electrodes.
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Discharges froa single spinocervical tract neurones

in the lumbar region of the spinal cord evoked, by natural

or electrical stimuli were detected by means of a tungsten

microelectroue inserted, into the ipsilateral dorsolateral

funiculus (Figure IV.l). Ine extent of tne activity

evoked in tnis way was used in testing for tue presence of

any ianioition produced by an earlier stimulus to auotaer

peripheral nerve or to the cervical region of tae 3pinai

cord. As a standard procedure, in tne latter instances,

tne test stimulus was delivered to tne peripheral nerve

40 msec after the conditioning stimulus vas applied to tne

cervical segment. The 40 msec interval was adopted after

the first experiments showed maximum inhibition to oe present

20-40 msec after tue delivery of cue conditioning stimulus.

IV.2.2.1 Natural ana nlectricai Stimulation in tne hindliab

Tue sural and medial plantar nerves in each hindlimb

were freed froa surrounding fascia at the popliteal ana

mid-metatars&l levels, respectively, and placed on silver-

silver chloride stimulating electroues. Tne exposed

portions of tne nerves were covered witn alaos t-solidifieci

paraffin wax (melting point 40°C). dince tne nerves were

not sectioned, tney could still conduct discharges from

receptors ih more distal parts ox' tne limns.
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i'ae receptive field of each apiuocervic&l tract neurone

«r&3 identified from the responses to aoveaar.t ox n&irs wita

a uaud-ueld crush or probe, or to pressure applied to the

shin with a probe or with a ahull tootned clip which ueve-

loped a force of approximately iiOO g wgt.

Discharges were also evoked by electrical stimulation

of tne corresponding ipailateral peripheral aerve(s). A

teat stimulus was either a single shock or a train of >

shocks at 300-MOO ix, and a monopolar silver ball electrode

at the level of the appropriate dorsal root entry xoae was

used to monitor the afferent volleys entering the spinal

cord.

IV.2.2.2 Disaeetion of the Cervical 3piaai Cord into

Fascicles

In the first series of experiments tae dorsal

columns of tae spinal cord were removed between the first

(Cl) and. fourth (CM) cervical segments and tae remainder

of this length of the spinal cord divided, longitudinally

into fascicles, after the manner of Rudin and hiseaaaa (1951)

and Laporte, Luadberg and Oacarsson (195b), by splitting

it into right and left halves and then subdividing each

half into approximately eq.ua! dorsal and ventral parts.

Kach of the four fascicles so formed remained in continuity

with tne more caudal part of the spinal cord and was placed

on silver-silver chloride stimulating electrodes (Figure IV.1).
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iiacii coaditioaiag stimulus comprised a train of U~ 7

0.2 msec square wava pulses at lQO-lOO as.

IV. 2 .2 . 3 Use of a Microelectrode to stimulate the

Cerrieal Sgiaal Cord

la a second series of experiments, involving $

cats, tae electrical stimuli vers localised tore precisely

withia the cervical segments of the apiuai cord by using a

tuugsteu jticroeleetroae (of approximately 30KH~resistaace )
as a stimulating cathode, the auode being placed ia the

adjacent dorsal cervical musculature. The nicroelectrode

vus moved, by means of a micromanipulator, in 0.5 mm steps

down vertical traexs 0.5 nut apart to form transverse grids

of stimulation-points. At each point a train of 1-7 0.2

msec square wave shocks at 200-300 Hz was used as the

conditioning stimulus. The shocks were of less taaa 1.5

volts and usually showed little spread.

In all experiments in this second aeries the dorsal

columns of the spinal cord were removed bilaterally at the

thoracolumbar junction (113~L1) in order to prevent direct

conduction through the dorsal columns of either ascending

or descending impulses lively to have a direct effect on

opiaocervical tract neurones.

IV.2.2.1 Assessment of Degree of Inhibition

The number of impulses evoked by each teat

stimulus was counted from the photographic records. In the
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experiments iu arnica a stimulating microelectrade was in¬

serted into the cervical spiaal segments, at least five

recordings were jaaae at eaca grid position, ana tae degree

of iuai'eitioa was expressed. as tae mean percentage reduction

from tae overall me an a umber ox' impulses iu at least five

coatrol response# recorded ever/ five steps.

Iu one experiment, however, coaditiouiag stimuli were

delivered through grids ia tae C2 aad Ci* segaeats, and the

mass discharge evoked iu the ipsilateral dorsolateral

funiculus at L'd-L'j by stimulation of the ipsilateral medial

plantar nerve used as tae test responses. The inhibition

seen was similar to that recorded in the single unit stuuiea.

Comparisons wore also made between tae effects of

inhibition on aonosynapticall/ and polysynaptically evoxed

test responses. Pathways between tae dorsal root entry zone

and the recording aiicroelectrode were classed as monosynaptic

when there was a delay of only 1.2-1.4 msec ia transmission

tnrougn the Itu&bar segments. belays exceeding 2.0 msec

were taken to indicate a polysynaptic pathway to tae recording

electrode.

haauctions in the extent and reactivity of some recep¬

tive fields ware recorded on figurines.

IV.2.3 Histological Confirmation of Lesions

At the end of each of the experiments in the first

series the exposed cervical spiaal cord segments were bathed
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in 10$ (v/v) formal-saline solution and subsequently re¬

moved for microscopic delineation of the extent of each

fascicle. At the end of each experiment in the second

series the preparation was perfused with 0.9$ (w/v) saline

solution and then with 10$ formol-saline solution. Frozen

sections of the fixed cords cut at 10Cyu» m and stained with
cresyl violet were used in preparing reconstructions to

show the electrode tracks in the cervical segments of the

spinal cord and the extent of the lesions in the thoraco¬

lumbar dorsal columns.

IV.3 RESULTS

IV.3.1 Segmental Inhibition of Spinocervical Tract

Neurones

Stimulation of the ipsilateral peripheral nerve

which did not excite the neurone under study, or of either

of tne contralateral hindlimb nerves, usually inhibited

(but never facilitated) transmission through the spino¬

cervical tract. The inhibition produced was maximal

20-k0 msec after the conditioning stimulus was delivered,

and it persisted for approximately 150-200 msec. (Figure

IV.2). Under optimum conditions the latencies of the

first recorded impulses in polysynaptically-evoked dis¬

charges were increased by up to 6 msec, while the comparable

latencies for monosynaptically-evoked discharges were



Figure IV.2 Ipsilateral and Contralateral Segmental

Inhibition

The time courses (A and B) show the reduction in the number

of impulses in the discharge of a spinocervical tract (3CT)

neurone evoked by a stimulus l.Oo times threshold (I.06T)

to the ipsilateral medial plantar nerve (IMP) following a

conditioning stimulus that was either a single shock (0) at

4.7T to the ipsilateral sural nerve (ISU), or five shocks (•)

at 300 Hz and 5.3T to the contralateral medial plantar nerve

(XMP). The conditioning stimulus to ISU did not evoke a

discharge in the SCT neurone. Control values for test

shocks are indicated by the arrow in A.

In C the change in the latency of the first recorded impulses

is plotted against the conditioning-testing interval: since

the central latency exceeds £ msec, the excitatory linkage

is polysynaptic.
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Figure IV.3 Segmental Inhibition of Mono- and Polysynaptic

Discharges

The conditioning stimulus was 5 shocks at 300 Hz to contralateral

medial plantar nerve at 5«3 times threshold (5.3T). Test

shocits were delivered to the ipsilateral sural nerve at 1.29

(0) or 4.7 times threshold. Inhibition was greatest

wnen test stimulus was weak, or late components were evoked

by a strong stimulus.

Control values for test shocks are indicated by the arrow in A.

In C tne change in the latency of the first recorded impulse

is plotted against the conditioning-testing interval. iVith

test stimulus at 1.29'T, the central latency was 3.0 msec, and

the latency change for this polysynaptic response reached

3.2 msec. v/ith the test stimulus increased to 4.7T, the

central latency of 1.0 msec indicated a monosynaptic linkage,

and was not changed by the conditioning stimulus.
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Figure IV.k Excitatory and Inhibitory Fields of

Spinocervical Tract Neurones

The excitatory receptive field (E), on the lateral aspect

of the left (ipsilateral) ankle, of a spinocervical tract

neurone that responded to movement of hairs is shown in A.

The activity was inhibited by pressure over the whole of

the contralateral ankle and foot (I).

A second unit, in another preparation, is represented in B.

The unit responded to both hair-movement and pressure on the

lateral and plantar aspects of the fourth and fiftn digits

(S) and was inhibited by squeezing the contralateral ankle

region (X).
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apparently unchanged, or were increased hy less than 1.0

msec. In the typical instance illustrated in Figure IV.3,

increasing the test shock (to the ipsilateral sural nerve)

from 1.29~times-threshold (1.29T) to k.TI changed a poly¬

synaptic response into a monosynaptic one and abolished

the previous increase in the latency of the first recorded

impuls e.

Pressure applied to the contralateral hindlimb

produced inhibition of an ipsilateral spinoeervical tract

neurone in only two instances. A unit that responded to

movement of hairs on the lateral aspect of the ipsilateral

tarsus was inhibited by pressure over the whole of contra¬

lateral ankle and foot (Figure IV.4a). The other unit was

a hair and pressure unit on the lateral and plantar aspects

of the fourth and fifth digits of another preparation, and

inhibition was produced by squeezing the contralateral ankle

region (Figure IV.4b).

IV.3.2 Rostral Influences on Spinocervical Tract Neurones

Stimulation of the cervical regions of the spinal

cord consistently produced inhibition of the spontaneous and

of the evoked discharges of spinocervical tract neurones

recorded by the lumbar mieroelectrode. Facilitation was

not seen.
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IV. J. k. 1 of ^arvicji fascicles

Stimulation of each of trie four cervical fascicles

produced inhibition at the lumbar level. Tae inhibition

produced by stimulating the ipsilaterai dorsal fascicle

appeared against a i)ackj,rouaa of antidromic excitation

which made any short-latency effects difficult to evaluate.

A consistent pattern in waicn inhibition was maximal

at conditioning-testing intervals of d0~40 aaec and persisted

for 150-250 msec was observed for all spiuocervieal tract

units, regardless of whether they were activated by aair

aovaaeut, by pressure, or by oota types of stimuli, and of

whether their connections with the periphery were mono¬

synaptic (Figure IV.5) or polysynaptic (Figure IV.b)«

Figure IV.7 illustrates an instance in which stimulation of

the contralateral ventral fascicle greatly inhibited tae

responses evoked by stimulating the ipsilateral medial

plantar nerve at 1.43T, but apparently only affected the later

components of the response evoked by stimulating the nerve

at 5T. The descending inhibition was thus particularly

effective against weak excitation mediated by iow-tnresnold

(i.e. large-diameter) peripheral nerve fibres and against

discharges evoked by small myelinated fibres.

Stimulation of the cervical cord also inhibited the

responses of apinocervieal tract neurones to natural stimula¬

tion. The effect was most obvious when the lumbar discharge

was evoked by strong pressure or pinching of the skia. As



(IV-11)

shown in Figure IV. 6, some progressive recovery from innibi-

tioa was seen during sustained stimulation of the cervical

cord, tae recovery of spontaneous activity being greater

than tnat in evoked responses.

The receptive fields of twelve units which responded

to both hair movement and pressure were carefully mapped.

In the absence of stimulation of the cervical cord, the

hair-movement field for each unit was co-extensive with

its pressure-field. Stimulation of the descending pathways

reduced, and in some instances abolished , for the duration

of the stimulation, the cutaneous area responsive to pressure

and the frequency and duration of impulses evoked by hair

movement. Ixi all but one of these units, however, the

size of the hair-movement field did not change. The marked

decrease in the receptive fields for both hair—movement and

pressure produced in the exceptional instance by stimulation

of the contralateral ventral cervical fascicle is shown in

Figure IV.9»

In one experiment additional lesions were made in the

LI segment in an attempt to determine the approximate positions

of the active descending fibres at thi3 level. Section of

tne ipsilateral dorsolateral funiculus abolished the effects

of stimulation of the homonymous cervical fascicle but had

no apparent effect on inhibition produced by stimulating the

other fascicles. Ipsilateral hemiaection at LI removed all

the effects of stimulation of the ipsilateral cervical
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fascicles, out again had no apparent effect ou contralaterally-

evoked inhibition. Finally, section of most of the contra¬

lateral cord at the level in the Li segment rostral to the

previous lesions abolished the effects of stimulation of the

contralateral fascicles. These observations were taken to

suggest that the fibres descending froxa or through the

cervical segments maintain tneir positions in the spinal cord

to at least the level of the first lumbar segment.

IV. 3.2.2 Stimulation through a__Cervical Microelectrode

The location of the inhibitory fibres witnin the

cervical segments themselves was defined more exactly by

stimulating the cord through a aicroelectrode. Figure

IV.10 snows a reconstruction of a stimulation-grid in G2.

Each point is marked by a symbol indicating the percentage

reduction in the number of impulses in the test response.

It was not possible to obtain a coxap»lete grid for any one

spinocervical tract neurone, and a total of seven compar¬

able units were used in forming the particular grid shown.

The only point in tnis grid from which antidromic activation

of the neurone under study was produced corresponded with

the position of the dorsal limit of the ipsilateral lateral

cervical nucleus. Each dorsolateral area appears to be

subdivided into dorsomedial and ventrolateral parts. The

possible subdivision was more apparent on the contralateral

side in this preparation, but was less distinct in other

experiments and was not seen where stimulus-spread was



Figure IV.5 Descending Inhibition of Beurone with

Monosynaptic Input

Time couses of descending inhibition of responses of a spino-

cervical tract neurone evoked by electrical stimulation of

the sural nerve at 1.25 times threshold. The conditioning

stimulus wa3 a short tetanus to either the dorsolateral (§)

or ventral (0) cervical fascicles (see inset).

In A the number of impulses and percentage of control values

are plotted against the conditioning-testing interval. In

B the change in latency of the first recorded impulse is

plotted against the same interval. The maximum latency

change is just below 1 msec.
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Figure IV.6 Descending Inhibition of Neurone with

Polysynaptic Input

Time courses of descending inhibition of responses of a

spinocervical tract neurone evoked by electrical stimulation

of the sural nerve at 1.25 times threshold. The conditioning

stimulus was a short tetanus to the ipsilateral ventral (A),

contralateral ventral (0) and contralateral dorsolateral (•)

cervical fascicles (see inset).

In A the number of impulses and percentage of control values

are plotted against the conditioning-testing interval. In

B the change in latency of the first recorded impulse is

plotted against the same interval. The central latency of

approximately 5 msec indicates a polysynaptic linkage: the

maximum latency change is 6.U msec.
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Figure IV. 7 Differential Zffeeta of Descending Inhibition

Stimulation of the contralateral ventral quadrant (XYQ)

produced marked inhibition when the test shock was weak

(1.8 times threshold (l.8T)(0)). When the test shock was

increased to 5 times threshold (51) there was marked inhibi¬

tion of the late discharge (A) but no inhibition of the

early components (A). These effects on discharges evoked

by weak activity and on the late components evoked by

stronger stimulation are also seen in the lower graph.
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Figure IV.3 Descending Inhibition of Spontaneous and of

Evolved Discharges

Tbe upper graph (A) shows the rate of spontaneous discharge

in a spinocervical tract neurone. For the period repre¬

sented ty the horizontal tar, the controlateral dorsolateral

cervical fascicle (see inset) was stimulated at about 300 Hz.

The initial reduction in the discharge was followed by a

progressive recovery to tbe original rate of discharge.

The lower graph (B) shows the discharge evoked by pressure

of a small toothed clip on the skin. Similar stimulation

of the cervical fascicle produced a more severe and persistent

depression of the discharge.
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Figure IV. 9 Reduction in Receptive Field produced by

Descending Inhibition

The upper chart (A) shows the excitatory receptive field (E)

of a spinocerrical tract neurone that responded to both

movement of hairs and pressure on the skin. The lower

chart (B) shows the receptive field of the same unit

during stimulation of the contralateral ventral cervical

fascicle; the hair-mcveaent and pressure fields are still

co-extensivea but are much reduced. Tais was the only unit

found for which stimulation of the cervical cord produced a

change in the receptive field for hair-movement.
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Figure IV.10 Reconstruction of a Grid of Stimulation Points

in Cervical Spinal Cord

Grid of stimilation points in the caudal part of the second

cervical spinal segment, compiled by the use of seven spino-

eervical tract unit3.

Each symbol is placed at a point of stimulation through a

microelectrode (20 msec tetanus at 200-300 liZ), ana each

represents the mean number of impulses in the test response

expressed as a percentage of the control values. The arrow

indicates the only point from, which antidromic stimulation

of a spinocervical tract axon could be elicited. Inhibition

was produced from bilateral areas in the dorsolateral and

ventromedial areas of the cord, and in the dorsal columns,

even although the dorsal columns had been interrupted at

the thoracolumbar junction.
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appreciable. Within the ventral funiculi the greatest

inhibition was produced from the most medial and the aios t

ventral regions.

The use of stimulating microelectrodes in the intact

cervical segments al30 revealed that inhibition could be

produced b/ stimulating the dorsal columns on either 3ide,

desx>ite the fact that the dorsal columns at the T13-L1

level had been removed bilaterally.

IV. 3• 3 histological Confirmation

The extent of each of the cervical fascicles has

been shown in the appropriate Figures. The positions of

the boundaries between fascicles are only approximate. A

typical reconstruction of tae microelectrode tracxs ia tae

cervical segments aas oeea seen ia Figure IV.10. Tae

completeness of tae removal of the dorsal columns at the

T13-L1 level ana the extent of the lesions made ia the Li

segment ia one preparation (Section IV. 3.-2.1) were verified.

!V.4 DISCUSSION

The present experiments have revealed marsed simi¬
larities between the inhibition evoked by activity in

segmental £»eripheral nerves and that evoked by stimulation

of the cervical segments of the spinal cord. In each case

the inhibition produced by a brief conditioning stimulus

persisted for 150-250 msec. This relatively long time
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course, together with the occurrence of maximal inhibition

after 20-U0 r\3sc, resembles closely the time course of the

presynaptic inhibition described by JSceles, Kostyuk and

Schmidt (1962). Eccles et al. (loc. cit.) found that the

later components of the raas3 discharge evoked from the

dorsolateral spinal funiculus by stimulation of a cutaneous

nerve were reduced following stimulation of other nerves

to the skin and the muscles. The conditioning stimuli used

by Eccies et al. evosed discharges in the dorsolateral

funiculus, and tne effects they observed could therefore

have been due instead to inhibition in recurrent pathways

or to postexcitatory depression. Activation of contra¬

lateral nerves does not, however, evoxe discharges, or

even postsynaptic potentials, in ipsilateral spinocervical

tract neurones (Hongo, Jankowska and Lundberg, 1960). In

tae present study, the polysynaptic responses and the

activity in those monosynaptic pathways initiated by

stimulation of the higher-threshold peripheral nerve fibres

showed the greatest degree of inhibition. This again

confirms the findings of Eccles £t. al.(l962) and is also in

accord with the observation (Brown, Hamann and Martin, 1973)

that descending inhibition can markedly affect a pure C

fibre input into the spinocervical tract. Separate effects

of A ana C fibres are also suggested by the demonstration

(Brown, hamann and Martin, 1973b) that wnile stimulation of

a contralateral nerve can inhibit for approximately 80 sec.
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the discharges in response to ipsilateral C fibre input,

C fibre conditioning does not appear to affect discharges

evoked by A fibre input. The observations made during the

course of the present experiiaents provide no proof that pre¬

synaptic inhibition of A fibre input did arise in the

preparations used, but the mutual occlusion at the lumbar

level between segmental and descending inhibitions that has

been observed in other experiments (3rowa and Martin, 1973a)

supports the possibility that these two inhibitory systems

activate tne 3aae segmental pathways.

In two instances the activity evokea in a spinocervical

tract neurone by stimulation within an ipsilateral excitatory

field was inhibited by hair-movement and by pressure in the

contralateral limb. This use of natural stimulation intro¬

duced the difficulty of deciding which receptors were

activated by a pressure stimulus, for the contralateral

inhibitory fields both included the ankle area already found

(Section II) to have pressure-sensitive nociceptors in the

tissues beneath the skin. These responses to squeezing and

to pressure support the suggestion (Brown, 1968) that the

transmission of nociceptive impulses is one of the functions

of the spinocervical tract.

I)iffereutiation between the effects of hair-movement

and pressure was also reflected in the changes in pressure-

fields alone that followed electrical stimulation at the

cervical level. The extent of the reduction in the receptive
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field for nair-movement in tae one exceptional case is

ccu-iste.it with 'iaue1 s (X{j6h) e-stimate that, a op per cent

decrease in field site follows electrical stimulation in

some parts of the traia-stea. ine use of g&iiamiue tri-

ethiouide to limit the preparations ' movements means that

taere is no evidence from the present atuly relating to

possioxe concurrent cnan^es iu the motor activity in the

trunk and linns.

Iu associating the descending inhibition with fibres

in tae dorsolateral auu in tue laoat medial and most ventral

parts of the cervical spinal cord on eaca 3ide, it nau been

assumed that the axons activated lay in descending pathways.

It is possible, nowever, that tne stimulation at tne cervical

level could have produced antidromic activation of axons in

an ascending pathway which has connections with the spino-

cervical tract. Stimulation of the dorsal columns at C2-C4

produced iuuibition at tae lumbar level, despite txie prior

interruption of these columns at tne thoracolumbar junction

in an attempt to prevent direct antidromic activation of

axons in tne dorsal columns from extending furtner caudad.

It tasrel'ore seems probable tnat the cervical stimulation

was followed by activity in collateral branches of dorsal

column fibres originating iu the spinal cord segments ros¬

tral to tne level of tne thoracolumbar lesion, and thence

ny activity in propriosfiinal patnwaya. i'ropriospiual

fibres are likely to already provide the link between a



{IV-1T)

fore-limb inhibitory field and the corresponding spino-

cervica.1 tract neurone with an excitatory field in the

hindlimb (Taub, 1961*). It is also possible, however, that

the axons of some other descending pathways lie in the

dorsal parts of the cervical spinal cord segments:

vestibulospinal fibres, for example, lie in the dorsal

columns at this level (Erulxar» Sprague, Whitsel, Dogaa and

Janetta, 19be>).

The present investigation has not provided any evidence

relating to the origin of tae tonic descending inhibitory

activity revealed (Wall, 1967; Brown, 19?l)by the applica¬

tion of cold-blocks to the spinal cord. The locations in

the ventral <£U&drants of the cervical cord of the points

from which inhibition was evoked correspond with the positions

shown by Verhaart (l^bU) for the lateral vestibulospinal,

medial reticulospinal, tectospinal and crossed vestibulo¬

spinal tracts in the cat, and the dorsolateral areas

correspond with the locations of the rubrospinal and ponto-

spiaal fibres. It is also possible that tonic activity is

generated within the spinal cord, and that the inhibition

evoked in the present experiments by electrical stimulation

at the cervical level was merely added to this basal activity.

The possibility that the inhibition originates further

rostrad is suggested not only by the effectiveness of stimu¬

lation of parts of the brain-stem but also by the demonstra¬

tion of supraspinal connections between the dorsal columns
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aac the spiuocervical tract (Brown and Martia» 1973b) aad

of fcae existence of a tonic bulbospinal inhibitor/ system,

in the cat (Dougherty, Shea, Liu and Chambers, 1970).

The present experiments have shown segmental and

descending inhibition to be a dominant mechanism in the

regulation of transmission through the spiaocervical tract.

The inter-relations between this inhibition and the activity

of nociceptors are considered further in the next Section.
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SECTION V - GENERAL DISCUSSION

The results of the experiments described in the

preceding Sections can be reviewed in terms of the specificity

of tne somatic nociceptors stimulated, tne selectivity of tne

spinal cord mechanisms investigated, and the corresponding

changes observed or to be expected in the behaviour of normal

and diseased animals.

V. 1 Peripneral jSiociceptors

Studies of receptors which respond only to noxious

stimuli nave to contend with the inherent difficulty that

tne stimuli used to excite the receptors are likely to damage

the adjacent tissues, if not the sensory units themselves.

This difficulty has been largely surmounted in the present

stuuy by restricting the intensity and the duration of each

stimulus as much as possible. In the experiments on skeletal

muscle (Section II) the small receptive fields characteristic

of the nociceptors meant tuat mechanical ana thei-mal stimuli

had only to be applied within a small area. The apparent

lacx. of effect on muscle spindle uisehurgea of most of the

cuemical substances infusea, and the limited responses of

most of the nociceptors that uia respond, is taken to

indicate that these substances caused little, if any, damage

to the tissues. The marked increases in respiratory rate

and the profuse salivation which followed entry of prosta¬

glandin solutions into the systemic circulation of cats

indicates, however, that only a limited number of doses
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of a substance should be given when testing for effects on

discharges in the spinal cord and brain or in the periphery.

The activity of a skeletal muscle nociceptor was not seen

to increase as a result of the trauma involved in its

physical separation from deeper tissues, but the dissection

was nevertheless thought to have limited the number of active

units isolated from any one preparation.

In tae testing of cutaneous sensibility in the euroaically-

prepared cats ana rabbits (Section III) the effects of fatigue

arid tne likelihood of damage to sensitive areas of skin were

reduced by first applying a stimulus in the zone of insensitive

zone and applying succeeding stimuli, progressively closer to

the reactive skin until a response was obtained. Although

tne intensity of reaction varied on successive days , the

caanges, if any, in the positions of the sensory boundaries

were finite consistent. The study of inhibition of tae

activity of spinoeervical tract neurones undertaken in dection

IV involved the use of electrical stimulation of peripheral

nerves as well as mechanical stimulation within the appropriate

receptive fields. Wi&uout denying due validity of tne

general comment made oy oread, Jenny-drown, Lccles, niddell

and dnerriagton (iyjk) and supported by Lloyd (ly'fn), that

tae U3e of electrical stimulation can be expected to set up

unnatural stresses in the body, it was a striking feature of

tne experiments described in Section IV that the activity

evoked in spiaocervical tract neurones by electrical
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stimulation vas of similar latency and duration to that

evoked by natural stimuli, and that evoked inhibition had

similar, although not identical effects on both types of

discharge. It is possible that antidromic passage of

electrical stimuli could have effected more-distally-

located sensory receptors in both these experiments and

those on skeletal muscle nociceptors, but in the latter

experiments the use of electrical stimulation (and of

polarising blocks) did not appear to have any effect on

the activity of more sensitive mechanoreceptors. It is

therefore thought that the test stimuli used in the present

study did reveal a genuine difference between nociceptors

and other units.

The specificity of the nociceptors isolated has been

a prominent feature of the observations made in the present

study. The greater sensitivity of chronically-prepared cats

and rabbits to pressure on the skin than to hair-movement

alone is consistent with the finding that the inhibition

that affected some spinocervical tract neurones reduced their

sensitivity to pressure but not hair-movement in the peripheral

fields. The observation that the inhibitory fields recognised

for two of the spinocervical tract neurones included the

contralateral ankle area in both cases is in keeping with

the concept (Taub, 196*1, Brown, 1971) that one of the functions

of this sensory pathway is the transmission of nociceptive

information, for the inhibition may well have followed
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stimulation of deeply-situated nociceptors.

fae restriction of the location of most of the skeletal

muscle nociceptors to the musculo-tendinous junction is

difficult to explain. It seems possible that some of the

greatest mechanical stresses in a skeletal muscle may arise

in the transitional zone between the contractile fibres and

the tendon proper, and taat any external pressure would have

its greatest differential effect at this level. The distri¬

bution of the high-threshold mechanoreceptors therefore seems

to have a functional rather tnan & myotomal basis,for the

muscle spindles from tae corresponding dorsal rootlets are

distributed throughout the belly of the gastrocnemius muscle

(Swett and fildred, lS->59)»

The Histological stains showed a profusion of nerve

endings in this region that did not, under the light micro¬

scope, appear to have any specialised structure, and it was

not possible to associate any one nerve fibre with a previously-

active unit. The demonstration that some cutaneous nerve

fibres can have a much wider distribution than previously-

recognised suggests that on analogy with the extensive over¬

lapping of the viscerotomes (Mazarixa, Coote and Bovamaa, 1964)

some nerve fibres innervating muscles may extending ueyoad

the limits of the recognised myotomes. The possibilities

are rendered even more complex by the presence in skeletal

muscles and joints of sympathetic origin (Kellgrea and Samuel,
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1950) and. the recent demonstration of some small-diameter

afferent fibres in ventral spinal nerve roots (Coggeshail,

Coulter and Willis, 197*0 • On the otter naad, tne

relatively superficial location of most of the receptors

should make possible their histological identification in

tissue taken from the outer portions of a tendon.

The vide variation in the thresholds of the nechaao-

reeeptors and in the conduction velocities of the associated

nerve fibres provides for a vide range of possible responses,

and this may compensate for the difficulties in making clear-

cut distinctions between harmful and innocuous stimuli.

The thermoreceptors showed a similar range in sensiti¬

vities. More reacted to cold than to applied heat, but

this observation, and similar results in cutaneous experiments,

may be related to Long's (1973) observation that the sensi¬

tivity of a cold-unit in tne monkey varies with the body

temperature. In instances in which the preparation was

heated more than wa.3 usual , marked increases in respiration

occurred before any apprecia/ble rise in the hindlimb tempera¬

tures. Since the normal body temperature of these animals

is above ambient levels, it is to be expected that heat loss

is of greater importance than heat gain. Arctic canines,

for example, have a couatercurrent heating mechanism in the

limbs to prevent excessive losses of heat to the environment.

(henshaw, Underwood and Casey, 1972).
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It seems significant niian most of tne chemoreceptor

units isolated were situated close to the major branches of

the blood vessels to the gastrocnemius muscle. This location,

and the rapidity and brief duration of responses to infused

solutions is in heaping with a sensitivity to compounds in

the systemic circulation. The responses were evoked at

drug-concentrations similar to those found effective in other

studies. The use of intravenous regional anaesthesia,

recently revived in human medicine (Holmes, 19&3) and now

being introduced into veterinary medicine (Prentice, Wyn-Jones,

Jones and dagger, 197^-) appears to depend on extensive retro¬

grade diffusion of the agent to some more distal parts of the

limb. This suggests that in the otherwise normal animal the

metabolic products of exercise might only stimulate nociceptors

when their concentration is high enough to cause a similar

retrograde spread to more-distally situated nociceptors in

the muscle.

V. 2 Central Nervous Mechanisms

There is no evidence from the present study to indicate

whether the intrinsic activity which develops in dorsal root

ganglia after they have been surgically isolated from the

periphery can also be present in normal animals. The

presence of such a discharge could well have particular

significance in segmental nociceptive mechanisms, for the

relatively low frequency and amplitude of the impulses
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generated make them similar to those recorded from many of

the skeletal muscle nociceptors. The possibility is supported

by the demonstration (Wall and Gutnick, 197*0 of spontaneous

discharges from neuromas in rats. It is possible that some

of the classical tractotomy operations have produced relief

from pain through a re-setting of the activity of spinal

neurones rather than through a physical interruption of any

exclusive spinal pathway. Further studies may show discharges

from dorsal root ganglia to be influenced by the spread of

dorsal root potentials from the spinal cord, and to thus be

affected indirectly by inhibitory processes in the spinal

segments. iiingle-fibre studies of dorsal roots are hampered

by the reduced, sine of afferent fibres proximal to the dorsal

root ganglia (da, 1979) •

Segmental inhibition was shown in Section IV to result

from both ipsilater&l and contralateral sensory inputs into

the spinal cord. The variations seen in the size and

reactivity of the cutaneous sensory area3 in the chronic

cabs and rabbits emphasise the tonic nature of the segmental

activity. It has been suggested (dengo, Jankowska and

Lunabcrg, 1>CJ) that severe mechanical stimulation of the

sxin evokes both excitatory and inhibitory effects: the

former predominating in spinal preparations, and the latter

being facilitated by impulses descending from more rostral

levels in the nervous system.
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It is possible that the phasic hursts of impulses from

those receptors that discharge briefly at the onset of

stretch could serve to 'alert' the central nervous system

to impending changes. The level of activity from these

and other nociceptors may, for example, influence the

central nervous mechanisms that regulate the 'ipsilateral

extension' reflex (Denny-Brown, 1929) and ankle clonus (Walsh,

1971).

The present study has also confirmed the presence of

descending impulses that inhibit transmission through the

spinocervical tract. The restriction of the areas in the

cervical spinal cord segments from which inhibition was

evoked to the ventral and the medial parts of the ventral

quadrants and to the dorsolateral areas , and the suggestion

that activity is still confined to these same areas at least

as far caudad as the thoracolumbar junction, implies the

presence of fairly well defined tracts within the spinal cord,

despite the growing evidence (as outlined in Section I. ij-. ^)

for a multiplicity of modality-representation within the

dorsal columns and other classical ascending sensory pathways.

The part played by the dorsal columns in descending inhibition

has yet to be fully defined, but the experimental difficulties

are considerable. Similarly, little is known from aeuro-

physiological studies of the activity within the spinothalamic

pathways. Again, there is no evidence from the present study

relating to the effects of afferent impulses from visceral
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structures. It aaa been observed (Kirk, lybb) th&t in

sheep, as in humans, gross distension of the urinary bladder

can produce an increasing lack of attention to cutaneous

stimuli.

Sensations of pain appear to be a net result of dis¬

charges from an array of uocieeptora, some often in widely

separated parts of the body (Taub, iybh; Sterling, ly73),

whose discharges join the 'throbbing streaming crowd of

electrified shifting points ia the spongework of the brain'

(bnerriagtoa, lyhx), but we cannot yet say in which part(s)

of tne ornia the sensations are producer.

V . 3 Experimental I reps.rati oas

'i'ne neurophys iologi cal study of activity within the

central nervous system demands relatively greater attention

to the condition of the entire preparation than does recor¬

ding from peripheral nerve fibres.

Ohioralocc/urethanc solution was used extensively ia

acute experiments because the blood preaaure levels were well

maintained. Pentobarbitone sodium solution was, however,

uted deliberately in preparing chronic animals for the study

of activity in dorsal root ganglia, for the problems ia

maintaining the animals' body temperatures during recovery

(Section III.2) were outweighed by the reduced haemorrhage

during the operations that resulted from the lowered blood
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pressures during deep anaesthesia. Caution in the use of

pentobarbitone sodium solution in acute experiments on noci¬

ception is suggested by the effects the drug has on dorsal

root potentials (Lloyd, 1952; Dawson, Merrill ana Wall,

1970) 2nd the increase in sensitivity to somatic pain pro¬

duced in humans (Dundee, I960; Clutton-Brock, 1961).

The use of a small number of unanaesthetised decere¬

brate preparations provided reassurance that the experimental

results credited to injected drugs were not in fact due to

the anaesthetic agent used; but the possibility of synergism

or antagonism between anaesthetic agent and putative algetic

agent has not been excluded. The use of decerebrate prepa¬

rations introduced the need to use gallamine triethiodide in

some instances, to limit muscular reactions. This drug is

not thought to have affected the results obtained: much

higher doses than those used in the present experiments

enhance many discharges within the spinal cord (Grinell, 1970;

Longnecker, Stoelting and Morrow, 1973).

The extensive use of the cat as the experimental species

in neurophysiological investigations raises questions relating

to the extent to which experimental findings have more general

application. The evidence from the present study indicates

a close similarity in the locations and response characteristics

of skeletal muscle nociceptors in cats and rabbits, and an

equally close pattern of responses to lesions of spinal nerves.
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The most obvious differences between the species lay-

in the pressor responses to stimuli in cats and the preci¬

pitous fall in blood pressure that was usual in rabbits:

they seem to reflect the respective aggressive and defensive

reactions normally adopted by these animals. The greater

angulation of the hindlimb joints in the rabbit made it

much more difficult to create a convenient paraffin-pool,

but no differences between the receptors isolated in the

two species could be attributed to this greater habitual

flexion, or to the more distal insertion of the plantaris

muscle in the cat (Chambers, Liu, McCouch and Yu, 1973).

The common use of the hindlimb areas in investigations

texids to overshadow the possibility that differences in

rostral dominance might be reflected to a greater degree in

the forelimb: there are certainly greater inter-species

differences in the use of the forelimb. Differences between

humans and other animals, reflected also, for example, in

the oscillatory bursting discharges of many thermoreceptors

in primates (Kenshalo and Gallegos, 1967, Iggo, 1969), recall

the anthropomorphic difficulties mentioned in Section 1.1,

and emphasise that humans are probably unique in their degree

of sensibility (Walshe, 1969).
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To 6 pre seat study has confirmed that somatic noci¬

ceptors can he regarded as a distinct group of sensory

receptors, and that most of the units associated witn the

gastrocnemius and soleus muscles are grouped at the

iuu3eulo-beadiaous junction. Severs pressure is a parti¬

cularly effective stimulus, but some nociceptors respond

to changes in temperature and others to iutra-arteriai

infusions of putative algetic agents.

The sensations of pain which humans associate with

noxious stimuli (and which they believe that other animals

also experience) presumably result fron the transmission to

the brain of activity in spinal cord neurones evoked by

stimulation of such peripheral nociceptors. The extent of

this transmission appears to be regulated by segmental

inhibition , inhibition descending from more rostral parts

of the nervous system (the latter system perhaps providing

feed-back regulation) and, at least in some animals with

chronic spinal nerve lesions, by discharges arising within

dorsal root ganglia.

A acre cample ta unders tanding of thus© mechanisms

could be expected to result from further studies of possible

algetic chemical compounds, the use of microelectrodes to

record the differential effects presumably produced within

spinal cord segments by the discharges from skeletal muscle
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nociceptors, and an investigation of possible interactions

between discharges from dorsal root ganglia and potential

changes witnin the spinal cord. Analyses of associated

motor responses could extend our knowledge of segmental

reflexes, of the movements which a higher animal makes when

reacting to noxious stimuli, and of the responses generally

classed as 'pseudoaffeetive1. Further recordings of acti¬

vity in the nerves of conscious humans are likely to provide

additional supportive evidence relating to the sensations

evoked by a given stimulus. The complexity of the factors

involved in nociception suggests (see also Brain, 1962) that

future advances are likely to involve increasing integration

of anatomy, physiology and psychology.

The present study has shown the Achilles tendon to lie

in a region in which peripheral and spinal nociceptive sensory

mechanisms are vulnerable to investigation. Future studies

can be expected to extend our appreciation of these mechanisms

and, hopefully, provide a better understanding of the nature

of pain itself.
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The actions and locations in the spinal cord of descending pathways
that inhibit transmission through the spinocervical tract
By A. G. Brown,* E. J. Kirk and H. F. Martin, III.-|- Department of
Veterinary Physiology, University of Edinburgh, Edinburgh, EH9 1QH

Transmission of information through the spinocervical tract (SCT) is
inhibited by activity descending from the brain (Brown, 1971). Inhibitory
influences have been evoked by electrical stimulation of cerebellar nuclei,
the mesencephalic tegmentum (including the red nucleus) and a central
pontobulbar region (Taub, 1964) and of the pyramids (Fetz, 1968). The
present experiments are part of a study aimed at defining the mechanisms
of action and the anatomy of the descending inhibitory pathways.

Unanaesthetized decerebrate cats made spinal at CI were used. Record¬
ings were made from single SCT axons in the lumbosacral spinal cord.
Effects on transmission through the SCT were tested against either
spontaneous or evoked activity by electrical stimulation (1) of dissected
fascicles of the upper cervical cord, or (2) by a tungsten micro-electrode
at points 0-5 mm apart in grids at C2-C4. In some experiments the dorsal
columns were removed at caudal thoracic or first lumbar levels. Stimula¬
tion sites and lesions were confirmed by histological examination.

Transmission through the SCT was inhibited by stimulation at several
sites in the cervical cord. The sites were bilateral, and were in the dorsal
columns, the dorsolateral funiculi and the most medial and ventral parts
of the ventral funiculi. Inhibition was produced from the cervical dorsal
columns even when the dorsal columns at T.10-L1 had been removed.

Presumably this inhibition from the dorsal columns indicates activation
of a propriospinal pathway through collateral axons of dorsal root fibres.
It could, however, also be due to activation of axons descending from the
brain, e.g. from the vestibular nuclei (see Erulkar, Sprague, Whitsel,
Dogan & Jannetta, 1966).

Stimulation in the dorsolateral and ventral funiculi inhibited both spon¬
taneous and evoked SCT discharges. Evoked discharges were more affected
than spontaneous ones. Facilitation was not seen. During stimulation of
the descending systems (at rates of 100-400 per sec for 9-20 sec), after the
initial inhibition, the frequencies of unit discharges rose gradually toward
their control values. This applied particularly to spontaneous discharges.
When short tetanic stimuli (4-7 shocks at 200-300 per sec) were used to
condition an evoked response, the inhibition had its maximum effect after

* Beit Memorial Research Fellow during part of this investigation,
f IBRO-UNESCO Fellow.
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20-40 msec and had a time course of about 200 msec. It was most effective

against polysynaptic responses or those evoked by electrical stimulation
of smaller (A5) cutaneous axons. In polysynaptic responses to cutaneous
nerve stimulation the latency of the first recorded impulse could be in¬
creased by up to 6 msec by stimulation of the descending systems.

It is concluded that the SCT is under the influence of at least three
bilateral descending pathways. Activity in these pathways inhibits trans¬
mission through the SCT, particularly for polysynaptic and small-fibre
inputs, with a time course which suggests a presynaptic mechanism.

This work was supported by a grant from the M.R.C.
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summary

1. Micro-electrode recordings were made from axons of the spino-
cervical tract in unanaesthetized decerebrate-spinal cats.

2. The effects of stimulation of (1) descending systems at the level of
the upper cervical spinal cord and (2) hind limb cutaneous nerves, on
discharges of spinocervical tract neurones were examined.

3. Effects were obtained from bilateral spinal cord regions in the dorso¬
lateral funiculi and the most medial and ventral parts of the ventral
funiculi and also from the dorsal columns in the upper cervical region
even though the columns had been transected at low thoracic and upper
lumbar levels.

4. Stimulation of either descending or segmental systems inhibited
spontaneous and evoked responses. Facilitation was not seen. The inhibi¬
tion had a time course of up to 250 msec, with maximal action at 20-
40 msec and was greatest for polysynaptic responses or those evoked
from the smaller myelinated cutaneous axons.

5. It is suggested that the descending and segmental systems converge
on to common inhibitory interneurones.

introduction

Transmission through the spinocervical tract (SCT) is inhibited by
impulses descending from several regions of the brain (Taub, 1964; Wall,
1967; Fetz, 1968; Brown & Franz, 1969; Brown, 1971). Taub (1964)
showed that electrical stimulation of part of the mesencephalic tegmentum
not only inhibited SCT transmission but also evoked a lumbar dorsal root
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f 1BRO-UNESCO Fellow: Present address: Department of Zoology, University
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potential which could occlude part of a segmentally evoked dorsal root
potential and suggested that the supraspinal effect acted through pre¬
synaptic inhibitory mechanisms.

Inhibition of transmission through the SCT may also be produced by
natural stimulation of areas of skin outside the excitatory receptive field
of the SCT neurone under study and by electrical stimulation of peripheral
nerves (Taub, 1964; Hongo, Jankowska & Lundberg, 1968; Brown &
Franz, 1969). Hongo et al. also showed that part of this inhibition was
post-synaptic in nature. That some of the inhibition might be due to
presynaptic mechanisms was suggested by the experiments of Eccles,
Kostyuk & Schmidt (1962) who studied the effects of electrical stimulation
of cutaneous and muscle afferent nerve fibres on the mass discharge
evoked in the ipsilateral dorsolateral funiculus by cutaneous nerve
stimulation. They demonstrated that the later components of this dis¬
charge were inhibited but that the monosynaptic component was little,
if at all, affected. The time course of the inhibition was suggestive of
presynaptic inhibition. Since Lundberg & Oscarsson (1961) had previously
shown that most of the mass discharge in the ipsilateral dorsolateral
funiculus produced by cutaneous nerve stimulation is due to activity in
the SCT, it may be assumed that the effects described by Eccles et al.
were produced predominantly on the discharges of SCT cells.

The present experiments were performed (1) to provide more direct
evidence, at the single unit level, of the inhibitory actions on trans¬
mission through the SCT evoked from supraspinal and segmental systems,
and (2) to determine the locations within the spinal cord of the descending
systems involved in this inhibition.

Preliminary accounts of some of the results have been published
(Brown & Kirk, 1972; Brown, Kirk & Martin, 1972).

METHODS

The experiments were performed on unanaesthetized decerebrate cats made
spinal at the level of the first cervical segment and paralysed with gallamine tri-
ethiodido. The decerebration was performed under ether anaesthesia. The main¬
tenance of the preparation and most of the electrophysiological methods have been
described in detail previously (Brown & Franz, 1969; Brown, 1971). Briefly, micro-
electrode recordings were made from identified single axons of the spinocervical
tract which responded to electrical stimulation of either the sural (SU) or medial
plantar (MP) nerves in the ipsilateral hind limb. The contralateral SU and MP
nerves were also available for stimulation. All peripheral nerves were left in con¬
tinuity to allow examination of receptive fields. Ingoing afferent volleys were
monitored at the appropriate dorsal root entrance zones with a monopolar silver-
ball electrode.

Stimulation and location of the descending systems. Two approaches were used to
define the locations and actions of the descending systems. In the first series of
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seven experiments the cervical spinal cord was divided into fascicles. The dorsal
columns were removed from the level of the spinal transection (at CI) to the
level of the fourth cervical segment and the remainder of this length of the spinal
cord divided longitudinally, after the manner of Rudin & Eisenman (1951) and
Laporte, Lundberg & Oscarsson (1956), by splitting it into right and left halves and
then subdividing each half into approximately equal dorsal and ventral parts.
Each of the four fascicles remained in continuity with the caudal part of the spinal
cord and was placed on a pair of silver-silver chloride stimulating electrodes with
the cathode caudal. Stimuli were trains of 4-7 square-wave shocks of 0-2 msec
duration at 100-400 Hz. At the end of each experiment the cervical cord was bathed
in 10 % formol-saline and subsequently removed for microscopical examination of
the extent of each fascicle.

Since stimulation of each of the four fascicles produced inhibition of transmission
through the SCT (see Results) and because more precise localization of the stimulus
was required, a tungsten micro-electrode was used as a stimulating cathode in the
second series of five experiments. The micro-electrode had a resistance of approxi¬
mately 30 KQ and the stimuli delivered through it were less than 1-5 V in amplitude.
The anode was in the dorsal cervical muscles. A grid of stimulation sites was made
transversely in the spinal cord at C 2-4 by moving the micro-electrode in 0-5 mm
steps down dorso-ventral tracks 0-5 mm apart. At each position a conditioning
tetanus of 4-7 shocks, 0-2 msec in duration at 200-300 Hz, was delivered 40 msec
before a test shock to a peripheral nerve which excited the neurone under study.
The 40 msec conditioning-testing interval was chosen because the first series of
experiments had shown that maximal inhibition occurred at 20—40 msec. The
number of impulses evoked by each test stimulus was counted. At least five record¬
ings were made at each grid position. The degree of inhibition of each point was
expressed as the mean percentage reduction from the mean of at least five control
responses. The control responses were recorded every five steps in the grid. In one
experiment of this type, however, with grids at C 2 and C 4 the mass discharge
evoked in the dissected dorsolateral funiculus at L 2-3, by stimulation of the
ipsilateral medial plantar nerve, was used as the test response. The inhibition
observed was similar to that seen in the single unit reponses even though part of
the dorsolateral funiculus at L 2 had been cut.

In all experiments of the second series, the dorsal columns were removed bi¬
laterally at T 13-L 1 to prevent direct excitation of the SCT from collateral
branches of the dorsal column axons and also to prevent inhibitory effects
mediated via this route. At the end of each experiment the preparation was perfused
with normal saline and then 10% formol-saline. After fixation, 100/tm frozen
sections of the cord were cut and stained with cresyl violet. Reconstructions were
made to show the electrode tracks in the cervical cord and the extent of the thora¬
columbar dorsal column lesions.

RESULTS

Descending inhibitory pathways and their actions on
transmission through the spinocervical tract

Neurones in the dorsal horn, including the cells of origin of the SCT,
are under the control of descending activity which is tonic in the decere¬
brate cat and which can he reversibly blocked by cooling the cord rostral
to the recorded neurones (Wall, 1967; Brown, 1971). When stimulation
of the cervical spinal cord affects transmission within lumbar segments,
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however, it does not necessarily follow that the effects observed are due
to activation of descending pathways even when the cord has been tran¬
sected rostral to the site of stimulation. Antidromic activation of the
axons of an ascending system will affect transmission at the lumbar level
if the ascending axons have collateral branches with connexions to the
system under study. One such ascending pathway is the dorsal column,
most of the axons of which are branches of fibres entering the spinal
cord in the dorsal roots and which also have connexions to the SCT.
In the present experiments the dorsal columns were sectioned at the
thoracolumbar junction. This was done to prevent effects on the SCT
from antidromic activation of dorsal column fibres excited by stimulation
of the cervical spinal cord. Evidence for collateral effects evoked by
antidromic excitation of ascending pathways is difficult to obtain.
Ascending systems, except the dorsal columns, which inhibit transmission
through the SCT by means of collateral branches have so far not been
described. In recording our results we have, therefore, assumed that the
effects produced by stimulation of the cervical cord in high-spinal cats
are clue to orthodromic activation of descending pathways.

Location of the descending pathways
In the first series of experiments stimulation of each of the four fascicles

into which the cervical cord had been divided produced inhibition of SCT
cell discharges evoked from ipsilateral hind limb cutaneous nerves. The
inhibition elicited from the ipsilateral dorsolateral fascicle, while similar
to that produced from the other fascicles, appeared against a background
of antidromic excitation evoked by stimulation of the SCT axons near their
termination in the lateral cervical nucleus. This antidromic excitation made
it difficult to evaluate short latency effects. It was obvious, however, that
the inhibitory systems were bilateral and in both the dorsolateral and
ventral funiculi of the cervical cord.

In one experiment, involving stimulation of fascicles, various lesions were made
in the first lumbar segment of the spinal cord to determine the approximate loca¬
tions of the descending systems at this level. Section of the ipsilateral dorsolateral
funiculus abolished the effects from the ipsilateral dorsolateral cervical fascicle but
had no apparent action on the inhibition which followed stimulation of the other
three fascicles. Ipsilateral lumbar hemisection removed the effects from the ventral
ipsilateral cervical fascicle in addition to the dorsolateral one but had no apparent
action on contralaterally evoked inhibition. Finally, section of most of the contra¬
lateral lumbar cord, at a level in L 1 different from the previous lesions, removed
the effects from the contralateral fascicles. These findings suggests that the des¬
cending pathways retain their positions to at least the level of the first lumbar
segment.

A detailed investigation of the locations of the descending piathways
was made using a tungsten micro-electrode as a stimulating cathode in
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the second series of experiments. Fig. 1 shows a reconstruction of a
stimulation grid at caudal C 2. Each stimulation site is marked by a
symbol indicating the percentage reduction in the number of impulses
in the test response after delivery of the conditioning tetanus 40 msec
earlier. It was not possible to produce a complete grid for any one SCT
neurone and in the experiment illustrated in Fig. 1 seven units were
needed to produce the grid but changing from one unit to another did not
alter the amount of inhibition observed. Inhibition was obtained from

Contra.

Fig. 1. Reconstruction of a grid of stimulating points at a caudal level in
the second cervical segment. Each symbol is at the location of the stimulat¬
ing micro-electrode tip through which a short (20 msec) tetanus at 200-
300 Hz was delivered 40 msec before a testing volley to an ipsilateral
cutaneous nerve. The symbols indicate the strength of the test response
(the mean number of impulses evoked) in terms of the control values.
Inhibition of the test response was produced from bilateral areas in the
dorsolateral and ventromedial parts of the cord, the dorsolateral area on
the contralateral side having two component parts separated by a com¬
pletely negative track of stimulation sites. Inhibition was also elicited
from the dorsal columns on both sides even though the dorsal columns had
been transected at the first lumbar segment. A total of seven SCT units
were needed to produce the grid. The arrow indicates the only stimulation
site from which antidromic excitation of a SCT axon could be elicited
with the strength of stimulation employed and shows that the spread of
stimulating current was not excessive.
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several areas of the cord. These were in the dorsolateral funiculi, the most
medial and ventral parts of the ventral funiculi and also in the dorsal
columns. Similar results were found in all five cats in the series. In the

experiment illustrated in Fig. 1 antidromic activation of SCT axons was
produced from only one of the stimulation sites (marked by an arrow),
just lateral to the apex of the dorsal horn on the ipsilateral side, in a
position where SCT axons would be expected. The spread of the stimulating
current was therefore severely limited.

100 r a

50 Ipsi. Contra.
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Fig. 2. Time course of descending inhibition of SCT cell discharges (mono¬
synaptic input). The graphs show the responses of a SCT neurone evoked
by electrical stimulation of the SU nerve at 1-25 times threshold when
conditioned with a short tetanus to either dorsolateral (®} or ventral (O)
fascicles dissected from the contralateral upper cervical cord. The extent of
the fascicles is shown in the inset in A. In A the number of impulses and
the percentage of the control values are plotted against the conditioning-
testing interval. In B the change in latency of the first impulse evoked by
the testing shock is plotted against the conditioning-testing interval. The
maximum latency change is just under 1 msec. Each point represents the
mean of at least five observations. The vertical lines on the abscissae

represent the train of conditioning shocks.

In Fig. 1 the contralateral dorsolateral area from which inhibition was
obtained appears to consist of two parts, one dorsal and medial near the
apex of the dorsal horn and the other more ventral and lateral. It was
also seen in other experiments, on both the ipsilateral and contralateral
sides, but less clearly than in the experiment illustrated. The ventral
areas were consistently in the most medial and ventral parts of the
ventral funiculi. The inhibition produced from the dorsal columns was
elicited in spite of the fact that the dorsal columns had been removed at
T 13-L 1.
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Actions of the descending systems
Stimulation of the dorsolateral and ventral funiculi on either side of

the cervical cord produced inhibition of both spontaneous and evoked
discharges of SCT cells. Facilitation was never seen. Coincident with the

100

SO 100 150 200

Conditioning-testing interval (msec)

Fig. 3. Time course of descending inhibition of SCT cell discharges (poly¬
synaptic input). This is similar to Fig. 2 except that the central latency
of the unit (about 5 msec) indicates a polysynaptic connexion to the tract
cell. The ipsilateral ventral cervical cord was stimulated (A) in addition
to the contralateral ventral (O) and dorsolateral (0) fascicles. Marked
changes in the latency of the first evoked impulse were produced by the
conditioning stimuli.

inhibition of SCT cell discharge, P waves were evoked on the lumbar cord
dorsum. This suggests a presynaptic mechanism for the inhibition.

Time course of the inhibition. Short tetanic stimulation of cervical cord
fascicles was used to condition test responses evoked by electrical stimu-
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lation of cutaneous nerves. Similar curves were obtained for units with

monosynaptic (Fig. 2A) and polysynaptic (Fig. 3^4) linkages when the
inhibition was expressed as the mean number of impulses evoked by the
testing stimulus. The central delay in conduction for the unit shown in
Fig. 2, measured from the arrival of the afferent volley at the dorsal root
entrance zone to the first evoked impulse recorded at L 4-5, was TO msec

indicating a monosynaptic linkage, whereas that for the unit shown in
Fig. 3 was nearly 5-0 msec suggesting that more than one synapse was
interpolated on the afferent pathway. Both of these units responded to
hair movement and to pressure on the skin of the receptive field. The
inhibitory curves for units responding to hair movement alone and for
units responding to both hair movement and skin pressure (Types I, II
and III of Brown, 1971) were similar. For all units inhibition was maximal
at conditioning-testing intervals of 20-40 msec and lasted for 150-
250 msec.

The inhibition produced by activation of the descending systems was

particularly effective against the discharges evoked by the smaller mye¬
linated afferent fibres (non-myelinated afferent fibres would not be excited
by the electrical stimuli used in the present experiments) and against
weak excitatory actions from the large myelinated cutaneous axons.
This is shown in Fig. 4 where stimulation of the contralateral ventral
cervical cord produced severe inhibition of the responses evoked by
peripheral nerve stimulation at 1-8 times threshold (1-8 T). When the
peripheral stimulus was increased to 5 T then the early response

(0-25 msec) was unaffected by the conditioning but the late response
(25-100 msec), which appeared with the raised stimulus strength, was
markedly inhibited.

While there were no differences in the time courses of inhibition between
mono- and polysynaptically evoked SCT cell discharges when the total
number of impulses were used to express the test response (there were, of
course, differences in the degree of inhibition produced in different units
and between the different parts of any one response, as shown in Fig. 4)
marked differences were seen when the latency of the first evoked impulse
was taken as the test response. The descending systems had little or no
action on the latency of monosynaptic responses, any change in latency
produced at optimum conditioning-testing intervals being less than
TO msec (Fig. 2B). For polysynaptically evoked responses (central
latencies longer than 2-0 msec) the latency of the first impulse was in¬
creased by between 2-0 and 6-4 msec at optimum conditioning-testing
intervals (Fig. 3B). Comparison of the upper and lower graphs in Figs. 2
and 3 shows that the time courses of the latency increases were similar to
those of the reductions in the total number of impulses transmitted.
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Actions on spontaneous discharges, naturally evoked discharges and on

receptive fields. Stimulation of the descending systems inhibited both
spontaneous and naturally evoked discharges of SCT cells. Fig. 5 shows
the effects of stimulating the contralateral dorsolateral cervical cord on
the spontaneous discharge and on that evoked by squeezing the skin of

o XVQ—»-MP 1-8T
aXVQ-^-MP 5T, late
A XVQ—*MP ST, early
• XVQ—s-MP 57, total

Fig. 4. Effects of descending inhibition on different components of an
evoked discharge in the SCT. Stimulation of the contralateral ventral
quadrant of the spinal cord produced marked inhibition of the discharge
evoked by relatively weak (1-8 times threshold, (O)) stimulation of the
MP nerve. When the testing stimulus strength was increased to 5 times
threshold there was no inhibition of the early (first 25 msec) discharge
(A)> which covered the time of occurrence of the discharge evoked by the
weaker stimulation, but the late discharge (25-100 msec), which appeared
with the stronger stimulation, was severely inhibited (A)- This action on
the discharge evoked by weak stimulation and the late discharge to
stronger stimulation is emphasized in the lower graph where the responses
are directly compared with reference to the control values. Each point is
the mean of at least five individual responses.
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the receptive field with a small toothed clip. Inhibition of the evoked
response was particularly marked, and in both instances was more
potent during the first few seconds of cord stimulation, there being some

recovery during the later part of the period of stimulation. In general,

E

Time (sec)

Fig. 5. Effects of the descending inhibition on spontaneous and naturally
evoked discharges of a SCT cell. In A stimulation of the contralateral
dorsolateral cord at about 300 Hz produced an initial reduction in the
rate of spontaneous activity of the unit which gradually recovered to pre-
stimulation rates during continued stimulation. Similar stimrrlation in B
produced a severe depression of the rate of discharge when the unit was
responding to a small toothed clip on the skin of the excitatory receptive
field and the effects lasted throughout the period of stimulation. The rates
of discharge were calculated over periods of 1 sec. The bars above each
graph show the period of stimulation of the contralateral dorsolateral
cervical fascicle shown in the inset in A.

the spontaneous activity was more resistant to the effects of the descend¬
ing systems than the activity evoked by pressure or pinch of the skin and
underlying tissues.

The sizes of the receptive fields of twelve units were determined both
without and with one or more of the cervical cord regions being stimulated
in turn. The fields were examined by moving hairs and by pressing on the
skin with hand-held probes. Only one unit showed any obvious change
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in the size of its field during stimulation of descending systems. This unit
had a receptive field to hair movement and pressure on the outer aspect
of the thigh, leg and foot. On stimulating the contralateral ventral fascicle

Fig. 6. Ipsilateral and contralateral inhibition of SCT discharges. A and
B show the time course of the reduction in the number of impulses in the
discharge of a SCT unit evoked by a test stimulus of 1-06 times threshold
to the ipsilateral MP nerve when the conditioning stimuli were 5 shocks
at 300 Hz to the contralateral MP nerve at 5-3 times threshold (•) or
1 shock to the ipsilateral SU nerve at 4-7 times threshold (O)• The condi¬
tioning shock to the ipsilateral SU nerve did not evoke a discharge in the
tract cell. The arrow in A indicates the control values for the test responses.
In C the latency change of the first impulse evoked by the testing shock is
plotted against the conditioning-testing interval for the same series shown
in A and B. The central latency of the first evoked impulse was greater
than 2 msec indicating a polysynaptic linkage in the excitatory pathway.
Each point is the mean of at least five observations.

25 PHY 230
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responsive. In the other eleven units the areas of skin from which responses
could he obtained to hair movement were, as far as could be determined,
not changed by stimulation of the descending systems. The situation with
regard to the pressure sensitive component was more difficult to evaluate.
When the descending systems were not being stimulated the pressure
sensitive fields were coextensive with the areas responding to hair move¬
ment. When descending systems were stimulated then the units became
much less responsive to pressure. It was then usually not possible to
determine the extent of the field with any certainty since the heavy pressure
required to produce a response in the unit could have excited receptors
over a wide area of skin and underlying tissue.

Segmental inhibitory actions on transmission
through the spinocervical tract

Segmental inhibitory mechanisms were examined by conditioning test
responses evoked in SCT units with volleys of impulses in either contra¬
lateral hind limb cutaneous nerves or in ipsilateral nerves which did not
excite the tract cell under study. The inhibitory actions were essentially
the same as those evoked from the descending systems and, again,
facilitatory effects were not seen. Figs. 6 and 7 show the effects of the
inhibition on both the numbers of impulses evoked and the latency of the
first impulse for both mono- and polysynaptic responses in SCT cells.
The inhibition had a time course of up to 200 msec with maximal action
at 20-50 msec. It was most effective against weak excitation produced
by stimulation of large cutaneous axons (Fig. 6 and o in Fig. 7) or
against the discharge produced by stimulating smaller myelinated cuta¬
neous axons (N in Fig. 7). As with the actions of the descending systems,
large latency increases (up to 6 msec) were produced at optimal condi¬
tioning-testing intervals for the first evoked impulse in polysynaptically
evoked discharges, whereas for monosynaptically evoked discharges the
latency was either unaffected or increased by less than 1 msec. The unit
illustrated in Fig. 7 had a polysynaptic response to stimulation of the
sural nerve at 1-29 times threshold (1-29T) and there was the usual
latency increase for the first evoked impulse, in this instance of 3-2 msec
at a conditioning-testing interval of 50 msec. When the test shock was
increased the latency of the first impulse fell to 1-0 msec indicating that
the cell was now being excited monosynaptically and the conditioning
stimulus was no longer affecting the latency. The strength of stimulation
necessary to evoke the monosynaptic response was not determined but
could have been as low as 1-3-1 AT.
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Fig. 7. Segmental inhibition of mono- and polysynaptic SCT discharges.
The test responses were evoked by electrical stimulation of the ipsilateral
SU nerve at either 1-29 (O) or 4-7 (0 A 9) times threshold. The condi¬
tioning stimulus was 5 shocks at 300 Hz to the contralateral MP nerve at
5-3 times threshold. A and B show the time course of the reduction in the
number of impulses evoked by the testing stimuli. The most marked
inhibition was produced either when the testing stimulus was weak (O)
or on the late (25-100 msec) components of the discharge when the testing
stimulus was strong (9). The early component (up to 25 msec) was not
severely affected when the testing stimulus was strong (A)- The arrow in
A indicates the control values for the test response. In C the latency
change of the first impulse evoked by the test response is plotted against
the conditioning-testing interval. With a testing stimulus of 1-29 times
threshold (O) the central latency was 3-0 msec indicating a polysynaptic
response and there was a corresponding latency change of up to 3-2 msec
at conditioning-testing intervals of 50 msec. When the testing shock was
increased (0) the central latency fell to 1-0 msec indicating a monosynaptic
linkage and the conditioning stimulus now had no effect on the latency.
Each point is the mean of at least five observations.

25-2
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DISCUSSION

The present experiments have confirmed that there are several bilateral
descending pathways which can inhibit transmission through the SCT
and have established that in the upper cervical cord they are in each
dorsolateral funiculus and each ventral funiculus. The results suggest
that in the dorsolateral funiculus there may be two descending systems
rather than one (see Tig. 1), one in its medial and dorsal part and the
other located more ventrally and laterally. In the ventral funiculus the
descending systems are located in the most medial and ventral parts.
The positions of the pathways are in accord with expectations from the
results of Taub (1964) and Fetz (1968) and they may include all or some
of the following; corticospinal, rubrospinal, vestibulospinal and reticulo¬
spinal tracts. Whether all, or only some, of the descending pathways are
responsible for the tonic inhibition observed in the decerebrate cat
(Wall, 1967; Brown & Franz, 1969; Brown, 1971) remains to be deter¬
mined, but cortico- and rubrospinal pathways would not be functioning
in intercollicular-decerebrate preparations.

In addition to the pathways in the dorsolateral and ventral funiculi,
it has been shown that stimulation of the dorsal columns at C 2-4 in

high-spinal preparations with the dorsal columns interrupted at T 13-
L 1 also inhibits transmission through the SCT. We think it most likely
that this effect is due to excitation of propriospinal pathways by collateral
branches of dorsal root fibres which enter at spinal segments rostral to
the thoracolumbar region and have collateral axons which ascend in the
dorsal columns. It is possible, however, that propriospinal fibres or axons

descending short distances in the dorsal columns were involved. Erulkar,
Sprague, Whitsel, Dogan & Jannetta (1966) have described vestibulospinal
fibres in the upper cervical dorsal columns.

The inhibition of transmission through the SCT produced by activity
in the descending systems has the following properties: (1) a long duration
(up to 250 msec after short tetanic stimulation), with maximal effects at
20-40 msec, (2) a more pronounced action on polysynaptic responses and
those evoked from the smaller cutaneous nerve fibres, particularly those
excited by heavy pressure and pinch of the skin. These small fibres
presumably include both small myelinated axons and non-myelinated
(C) fibres, and (3) apparently only weak effects on monosynaptic responses
evoked from large-diameter myelinated fibres. As indicated by the re¬
sults of Taub (1964) the long duration of the inhibition suggests a pre¬
synaptic mechanism. The fact that in the present study stimulation of
the descending systems usually evoked P waves on the cord dorsum
supports this suggestion. Intracellular recording from SCT cells will be
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necessary to establish whether or not there is a post-synaptic component
to the inhibition. The present resnlts support the previous suggestion
(Brown, 1971) that the descending systems inhibit polysynaptic inputs
to SOT cells but leave monosynaptic inputs relatively unaffected.

The descending systems are very effective in delaying the discharge of
SCT cells excited along polysynaptic pathways. The delays of up to
6 msec observed in the present study were not solely due to the artificial
high frequency tetanic stimulation of the descending systems. In a
previous study (Brown, 1971) changes in the latency of SCT cell discharges
of up to 7 msec were observed on blocking the tonic activity of descending
systems which is present in the decerebrate cat. Delays of this order of
magnitude (5 msec or more) are greater than the time taken for impulses
to travel the length of the cord in the SCT in the majority of SCT axons.
If the SCT is involved in alerting the animal, as suggested by Taub (1964),
or with timing of the occurrence of stimuli, then the latency changes
produced by the descending systems may be very significant. The effect
would be to delay the polysynaptic actions but allow the monosynaptically
evoked discharges to proceed unaffected. One function of the descending
systems could therefore be to focus the ' attention' of the central nervous
system on to the monosynaptically produced discharges, in particular to
compare the times of arrival of these discharges at some central destination.

Taub (1964) observed consistent reductions in excitatory receptive
field sizes during supraspinal stimulation in unanaesthetized decerebrate
cats. For twelve units that we examined carefully only one showed any
obvious receptive field constriction. The reasons for the differences
between the two sets of results are not immediately obvious but when
determining the overall size of the field we limited ourselves to the field
responsive to hair movement, since we found it very difficult to evaluate
the area from which responses to heavy pressure could be elicited (see
Results). In a previous study (Brown, 1971) where the tonic activity in
descending systems was reversibly blocked by cooling the spinal cord,
similar difficulties were experienced in showing changes in the sizes of
receptive fields. Wall (1967) could also find no change in sizes of fields
for cells in lamina IV of the dorsal horn, some of which give rise to SCT
axons.

The inhibitory actions evoked from hind limb cutaneous nerves ap¬

peared to be the same as those evoked from the cervical spinal cord.
Eccles et al. (1962) have suggested that the activity of neurones with
axons in the dorsolateral funiculus might be influenced by presynaptic
inhibition. Eccles et al. recorded the mass discharge from the lumbar
dorsolateral funiculus in response to ipsilateral cutaneous nerve stimula¬
tion and found that the later components of the discharge were reduced

25-3
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by stimulation of cutaneous and muscle afferent fibres from the same
limb. However, the conditioning volleys used in their experiments evoked
a discharge in the dorsolateral tract and the inhibition could therefore be
attributed either to post-activation depression or to recurrent inhibition
in polysynaptic pathways. The possibility of post-activation depression
does not arise in the present study in which contralateral nerves were
used for conditioning since no discharge or excitatory post-synaptic
potentials are evoked in SCT cells from contralateral nerves (Hongo et al.
1968). The observations of Eccles et al. that the polysynaptically evoked
(that is, later) impulses are the ones most strongly affected by segmental
inhibition are also confirmed.

We could find no qualitative differences between the actions of the
various descending systems nor between the descending and segmental
systems. This leads to the conclusion that all of these systems might con¬
verge on to common inhibitory interneurones. Support for this conclusion
comes from the observation (A. G. Brown & H. F. Martin III, unpublished)
that the inhibition produced from the descending and segmental inputs
will occlude with one another.

This work was supported by grants from the Medical Research Council. We wish
to thank Mr R. B. Hume for excellent technical assistance.
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Ipsilateral and contralateral inhibitory actions on transmission through the
spinocervical tract

Transmission through the spinocervical tract (SCT) is inhibited by activity
descending from the brain through several neuronal systems1'3'5-7'8. Inhibition of
activity in SCT axons has also been evoked by stimulation of areas of the body both
ipsilateral and contralateral to the excitatory receptive field2-7. In the present experi¬
ments, the effects on transmission through the SCT produced by electrical stimulation
of hindlimb cutaneous nerves were compared with previously defined actions of the
descending systems.

Unanaesthetized decerebrate cats, made spinal at rostral Ci and immobilized
with gallamine triethiodide, were used. The arterial blood pressure was maintained
above 70 mm Hg, using intravenous dextrans where necessary, and the rectal tempera¬
ture was kept at 37-39 °C. The sural and medial plantar nerves in both hind limbs were

placed on silver-silver chloride stimulating electrodes, and ingoing volleys recorded by
a ball electrode at the appropriate dorsal root entrance zone. Single-unit discharges

Fig. 1. Ipsilateral and contralateral segmental inhibition of SCT discharges. Both graphs show the
time-course of inhibition produced by electrical stimulation of either the ipsilateral sural nerve
((O) ISU, 1 shock at 4.7T) or the contralateral medial plantar nerve ((®) XMP, 5 shocks at 300/sec
and 5.3T) on the test response produced by stimulation of the ipsilateral medial plantar nerve (IMP)
at 1.06T. A, The latency of the first impulse (from the stimulus artefact) is plotted against the condi¬
tioning-testing interval. The central latency was greater than 2 msec indicating a polysynaptic path¬
way. B, The number of impulses evoked by the test stimulus is plotted against the conditioning-test¬
ing interval. In both A and B each point is the mean of at least 5 observations. 'Control' indicates the
control values for the test responses. For further description see the text.
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were recorded from SCT axons in the lumbar spinal cord by methods previously
described1-2.

When electrical stimulation of one, and sometimes both, of the peripheral nerves

ipsilateral to the receptive field of the unit under observation produced a discharge in a
SCT neurone, electrical stimulation of the remaining prepared nerves, whether ipsi¬
lateral or contralateral, with either single shocks or trains of 5 shocks at 300-400/sec,
inhibited this discharge. Facilitation was not seen. The inhibition of the evoked
discharge was maximal at conditioning-testing intervals of 20-40 msec and persisted
for 150-200 msec (Figs. 1, 2). The later components of the discharge were more
severely affected than the early ones (Fig. 2).

In most instances, the segmental inhibition also increased the latency of the first
impulse of the evoked discharge. This increase was seen particularly in polysynaptic

Fig. 2. Segmental inhibition of mono- and polysynaptic SCT discharges. The test responses were
evoked by electrical stimulation of the ipsilateral sural nerve (ISU) at either 1.29T (O) or 4.7T
(•, ▲, R>- The conditioning stimulus consisted of 5 shocks at 300/sec to the contralateral medial
plantar nerve (XMP) at 5.3T. A, The latency of the first impulse (measured from the shock artefact)
evoked by the testing stimulus, is plotted against the conditioning-testing interval. With a testing
stimulus of 1.29T the central lalency was 3.0 msec indicating a polysynaptic response; there was a
corresponding latency change of up to 3.6 msec at a conditioning-testing interval of 50 msec. When
the testing shock was increased to 4.7T, the central latency fell to 1.0 msec, indicating a monosynaptic
linkage, and the conditioning stimulus now had no effect on the latency. B, The number of impulses
evoked by the testing shock is plotted against the conditioning-testing interval. The most pronounced
actions were seen either when the testing stimulus is weak (O) or on the late components (25-100
msec) of the discharge (R) when the testing stimulus is strong (4.7T). In both A and B each point is
the mean of at least 5 observations. 'Control' indicates the control values for the test responses.
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pathways, i.e., in instances where, in the control response, there was a delay of more
than 2 msec between the arrival of the afferent volley at the dorsal root entrance zone
and the arrival of the first impulse at the (L4-L5) recording electrode. The latency
changes followed a time course similar to that for the total discharge, being maximal
after 20-40 msec and having a duration of 150-200 msec (Figs. 1A, 2A). The increase
could be as much as 6 msec for optimal conditioning-testing intervals. In monosynap¬
tic pathways, i.e., those in which the delay in central transmission was less than 2
msec, the increase in latency, if present, was always less than 1 msec.

The present experiments have shown that the transmission of evoked discharges
through SCT neurones is under the influence of segmental inhibitory mechanisms, and
that this inhibition has a long time course. These findings support the suggestion by
Eccles et al.4 that the activity of neurones with axons in the dorsolateral funiculus
might be influenced by presynaptic inhibitory mechanisms. Eccles et al. recorded mass

discharges from the dorsolateral funiculus in response to cutaneous nerve stimula¬
tion and found that the later components of these discharges were reduced by stimula¬
tion of cutaneous and muscle afferent fibres. However, the conditioning volleys used
in their experiments evoked a discharge in the dorsolateral tract and the inhibition
could therefore also be attributed either to postactivation depression or to recurrent
inhibition in polysynaptic pathways. The possibility of postactivation depression does
not arise in the present study when conditioning was performed on contralateral
nerves, since activation of these nerves does not evoke discharges, or even EPSPs, in
ipsilateral SCT neurones6.

The present findings also support the conclusion by Eccles et al. that it is the
polysynaptically evoked (i.e. later) impulses in a discharge that are the most severely
affected. They show the activity in the smaller afferent fibres to be particularly sus¬

ceptible to the segmental inhibition; the monosynaptically evoked responses from low
threshold cutaneous axons being reduced slightly, if at all. This relative lack of effect
on monosynaptically evoked discharges is emphasized when the changes in the latency
of the first impulse in monosynaptic and polysynaptic pathways are compared.
Latency increases of up to 6 msec were observed for polysynaptic inputs, whereas the
latency for a monosynaptic input either did not change, or increased by less than
1 msec.

The actions of the segmental inhibitory mechanisms on SCT cell discharges are
thus essentially the same as those of the descending inhibitory systems3. The time
courses are similar in each case, as are the increases in the latency of the first impulse
and the predominance of the effects on the later components of the discharge. It
therefore seems reasonable to suggest that the descending and segmental pathways
converge onto the same inhibitory interneurones.
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