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The work presented is an investigation in the synaptic processing in the spinal cord of nervous
activity transmitted through cutaneous C -fibres. Microeiectrode recordings were made from axons
in the spinocervical tract of the cat after electrical stimulation of cutaneous nerves and after natural
stimulation of the skin,

Sfefcfiion I
The relevant literature has been reviewed. Reference is made to the composition of peripheral

nerves and to cutaneous receptors innervated, to methods of selective block of conduction.in
myelinated nerve fibres, to the anatomy of the dorsal horn, to the modes of processing afferent
activity in the dorsal horn and to the properties of the spinocervical tract.

Section 11
Electrical stimulation of C -fibres also excites A-flores. With a selective block of A-fibres a pure

C -volley can be producedI. In this section experiments are described determining the properties of
nerve fibres under polarization. A new type of polarizing electrode was developed allowing non¬
traumatic polarization of peripheral nerves over minutes. Unitary recordings after electrical
stimulation were made from small strands dissected from cutaneous nerves, and C-fibres weee
included in the primary afferent fibres from which recordings were made. Between stimulating and
recording sites the nerves were subjected to increasing polarizing currents. The eflect of polarization
on conduction of single impulses and short trains of impulses was investigated. It was possible to
produce a selective block erf myelinated fibres leaving the C-fibres conduetiw-. But the method was no
precise enough to block all alpha fibres leaving only the delta fibres conducting. Polarization
reduced the conduction velocity of C -fibres and it impaired the transmission of repetitive activity.
However, trains of impulses with frequencies between 20 and 50 imp/s passed the polarization site
when myelinated fibres had ceased to conduct.

Section ill
A classification of feline spinocervical tract units is given relating to input from cutaneous C-fibres
and to responsiveness to gross movement of hairs and to pressure applied to the skin. Recordings
were made from spinocervical tract axons to decereorate cats made spinal. About twenty percent of
all units responded to hair movement and to electrical stimulation of primary afferent A-fibres alone.
Eighty percent received additional input from pressure receptors and from cutaneous C -fibres as
well. The excitatory pattern did not depend on whether A-fC or pure C -volleys were used.
The receptive fields of a few spinocervical tract units were heated to temperatures over 45^C. Both
types of units showed a marked increase in their discharge to this stimulus.
Section IV
The experiments presented are an investigation of segmental and descending inhibition influencing
activity in spinocervicai tract units evoked by cutaneous C -fibres stimulation. The basic preparation
was the same as in section III. Additionally the contralateral dorsal columns and dorsolateral
funuculi and both ventral quadrant in their cervical parts were given short repetitive stimuli for
conditioning. The dorsal columns were cut at Th 13, which prevented antidromic excitation of
primary afferent fibres. Inhibition erf discharges in spinocervical tract units following activation of
cutaneous A and C-fibres was observed after conditioning stimuli given to A-fibres in non -excitatory
nerves and after stimulation of the spinal cord in the three places mentioned above. Primary
afferent fivres providing inhibition frequently supplied areas of skin on the contralateral leg.
Conditioning with activity in cutaneous C-fibres was without effect. The time course of the inhibition
was long and it was considered to be presynaptic. The significance of segmental and descending
inhibition is discussed.
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Section V
This section contains general conclusions. The role of the splnocervical tract as an early
alerting system and the role of descindtng inhibit ion effecting a switch in modalities transmitted tfo
through the tract are discussed. Existing theories about segmental iuhioition are considered
in the light of the results obtained from the expe iments descrived in the previous sections.
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SUMMARY

The work presented is an investigation in the synaptic processing

in the spinal cord of nervous activity transmitted through cutaneous

C-fibres. Microelectrode recordings were made from axons in the

spino-cervical tract of the cat after electrical stimulation of

cutaneous nerves and after natural stimulation of the skin.

Section I

The relevant literature has been reviewed. (Reference is made to

the composition of peripheral nerves and to cutaneous receptors

innervated, to methods of selective block of conduction in myelinated

nerve fibres, to the anatomy of the dorsal horn, to the modes of

processing afferent activity in the dorsal horn and to the properties

of the spino-cervical tract.

Section II

Electrical stimulation of C-fibres in peripheral nerves also

excites A-fibres. With a selective block of A-fibres a pure C-volley

can be produced. In this section experiments are described determining

the properties of nerve fibres under polarisation. A new type of

polarising electrode was developed allowing non-traumatic polarisation

of peripheral nerves over minutes. Unitary recordings after electrical

stimulation were made from small strands dissected from cutaneous

nerves, and primary afferent fibres recorded from included C-fibres.
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Between stimulating and recording sites the nerves were subjected

to increasing polarising currents. The effect of polarisation on

conduction of single impulses and short trains of impulses was

investigated. It was possible to produce a selective block of

myelinated fibres leaving the C-fibres conducting. But the method

was not precise enough to block all alpha fibres leaving only the

delta fibres conducting. Polarisation reduced the conduction velocity

of C-fibres and it impaired the transmission of repetitive activity.

However, trains of impulses with frequencies between 20 and 50 imp / s

passed the polarisation site when myelinated fibres had ceased to

conduct.

Section III

A classification of feline spino-cervical tract units is given relating

to input from cutaneous C-fibres and to responsiveness to gross

movement of hairs and to pressure applied to the skin. Recordings

were made from spino-cervical tract axons in decerebrate cats made

spinal. About twenty percent of all units responded to hair movement

and to electrical stimulation of primary afferent A-fibres alone.

Eighty percent received additional input from pressure receptors and

from cutaneous C-fibres as well. The excitatory pattern did not

depend on whether A+C or pure C-volleys were used.

The receptive fields of a few spino-cervical tract units were

heated to temperatures over 45 °C and hhir only units showed a

marked increase in their discharge to this stimulus.



3

Section IV

The experiments presented are an investigation of segmental

and descending inhibition influencing activity in spino-cervical tract

units evoked by cutaneous C-fibre stimulation. The basic preparation

was the same as in Section III. Additionally the contralateral dorsal

columns and dorsolateral funiculi and both ventral quadrants in the

cervical parts were given short repetitive stimuli for conditioning.

The dorsal columns were cut at Th , which prevented antidromic
-L O

excitation of primary afferent fibres. Inhibition of discharges in

spino-cervical tract units following activation of cutaneous A and C

fibres was observed after conditioning stimuli given to A-fibres

in non-excitatory nerves and after stimulation of the spinal cord in

the three places mentioned above. Primary afferent fibres providing

inhibition frequently supplied areas of skin on the contralateral leg.

Conditioning with activity in cutaneous C-fibres was without effect.

The time course of the inhibition was long and it was considered to be

presynaptic. The significance of segmental and descending inhibition

is discussed.

Section V

This section contains general conclusions. The role of the

spino-cervical tract as an early alerting system and the role of

descending inhibition effecting a switch in modalities transmitted

through the tract are discussed. Existing theories about segmental

inhibition are considered in the light of the results obtained from
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the experiments described in the previous sections.



SECTION I

Literature Review
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1 _ Impulse Conduction, Composition of Cutaneous Nerves
and Receptors Innervated.

Currently there exists little knowledge about mechanisms

in the central nervous system processing afferent activity from

non-myelinated primary afferent fibres. An analysis of these

mechanisms needs to be based on the properties of primary

afferent fibres. In mammalian peripheral nerves there are

two types of nerve fibres, myelinated and non-myelinated C-fibres.

Myelinated fibres consist of a single axon and a surrounding

-12-
lamellated myelin sheath, whicfT intervals is interrupted by

the nodes of Ranvier ( Fernandez-Moran, 1952 ). The myelin

sheath has a high electrical resistance ( Tasaki, 1955 ) and it

prevents current flow through the axon membrane at surface

areas other than at the nodes of Ranvier. During impulse

conduction the current flow accompanying spike generation at one

node of Ranvier spreads electrofcnicaky to the adjacent nodes, where

it acts as an electrical stimulus triggering off another spike

( Huxley and Stampfli, 1949 ). Thus impulse conduction takes place

in a saltatory manner, and this enables myelinated fibres to

conduct impulses at a high speed.
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Mammalian ' non-myelinated fibres ' were first described

by Remak ( 183£ ). The fibres of Remak were, however, bundles

of single non-myelinated fibres. Because of their smallness

many C-fibres are below the power of resolution of the light

microscope. Using the electron microscope Gasser ( 1955 )

described the course of single C-fibres in a small peripheral

nerve of the cat through a large number of serial sections. Up

to 15 C-fibres were found to run in a system of tubes within one

Schwann cell, each tube containing one C-fibre. The tubes

themselves were invaginations of the Schwann cell membrane.

Through a narrow space in the resulting ' mesaxon 1 the tubular

lumen was in connection with the extracellular space. Drugs

applied to the desheathed vagus nerve could interfere with impulse

conduction in C-fibres (Ritchie, 196^-). At least potentially the

mesaxon must thus be diffusible space. In a haphazard manner

C-fibres changed from one Schwann cell to another. This means

that the same fibres are not running in close vicinity for longer

distances. It is therefore unlikely that adjacent fibres will

excite each other ( Gasser, 1955 ).

Because of lack of a myelin sheath C-fibres differ from

A-fibres in their mode of conduction. Current flow accompanying

a spike depolarises immediately adjacent parts of the fibre membrane
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instead of the nearest node of Ranvier in myelinated fibres

( Hodgkin, 1939 ), and another action potential is generated,,

which in turn acts as a stimulus for its neighbouring parts of

the fibre ( local current mode of conduction ).

The existing classifications of nerve fibres in peripheral nerves

are based either on the conduction velocities or on fibre diameters.

After electrical stimulation of the frog's sciatic nerve Erlanger

and Gasser ( 1937 ) observed three principal- deflections in the

eLectroneurogram. In an order of decreasing conduction velocity

they labelled these deflections with the letters, A, B and C. The

A-wave could be subdivided in three separate so-called alpha,

beta and gamma waves. Comparisons of the electroneurogram

with histological sections of the same nerves showed that the

A and B-waves were present when the preparation could be stained

with osmic acid, whereas the size of the C-wave related to the

acceptance of pyridine silver stain ( Heinbecker, Brahop and
f a.*cl

O'Leary^ 1933 ). Thus it could be shown that electrical activity

in myelinated fibres produces the A and B-waves and in non¬

myelinated fibres the C-wave. In principle mammalian per ipheral

nerves showed the same pattern of compound action potential.

Because of higher body temperature the conduction velocities tended

to be higher.
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B-waves are considered to be due to electrical activity in

sympathetic fibres. The ' B 1 -wave . of peripheral nerves,

however, is produced by a functionally different fibre population.

For this reason fibres with B-conduction velocity in peripheral

nerves have been assigned the letter delta and are considered

to be part of the A-group ( Erlanger and Gasser, 1937, Keynes,

1972 ).

An alternative classification for afferent nerve fibres utilises

the fibre diameter ( Lloyd, 1943 ). According to the maxima in

the histograms of fibre diameters there are four different fibre

groups in somatic nerves in cats :

Group I < 20 - 12 u

Group II 12 - 6 u

Group III 6 - 2 u

Group IV 1 - 0. 3 u

At present both classifications are in use. But there is some

controversy on how to use them. Some workers apply Lloyds

( 1943 ) classification to all afferent fibres, leaving Erlanger and

Gasser's ( 1937 ) system for efferent fibres ( Schmidt, 1971;

Janig and Zimmermann, 1971; Bowsher, 1970 ), and this is useful

for muscle nerves. Electrical stimulation of skin nerves produces

two deflections in the range of latencies corresponding with
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electrical activity in myelinated fibres. These are the alpha

and delta waves ( Gasser, 1959 - 60 ). Since cutaneous nerves

do not contain group I fibres ( Hunt and Mclntyre, 1960 c ), the

alpha wave should correspond with activity in group II fibres.

Using Hursh's ( 1939 ) factor of 6 for conversion of fibre diameter

into conduction velocity,, cutaneous fibres should not exceed

conduction velocities of 72 m / sec. Because faster conducting
I

fibres have frequently been found in cutaneous nerves Erlanger's

and Gasser's classification appears to be the adequate one.

Taking higher body temperature in mammals into consideration

Erlanger and Gasser ( 1937 ) computed the range of conduction

velocities for mammalian delta fibres from results obtained from

frog nerves, and it was found to be between 12 and 25 m / sec.

In cats Hunt and Mclntyre ( 1960 c ) included fibres up to 36 m/sec,

which is appropriate, because the histogram of conduction

velocities in skin nerves has a minimum at this value ( Burgess,

Petit and Warren, 1968 ). The slowest conduction velocity of

delta fibres was 9m/ sec. With this enlarged range of conduction

velocities the terms delta fibre and group III fibre are identical.

Koll, Haase, Schutz and Muhlberg ( 1961 ) discovered a small

group of fibres with conduction velocities between 9 and 4m/ sec

( post-delta group jand Gasser ( 1950 ) determined the conduction
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velocities of C-fibres as being between 0. 3 and 2.5m/ sec.

An adequate classification for cutaneous fibres in cats is

given in the following table.

Group of fibres. Conduction velocity Fibre diameter
m / sec. u

Alpha 35 - 100 6 - 18
Delta = group III 9 - 35 2 -6

Post delta 4-9 ?

C = group IV 2.5-0.3 >1

Fibres which are non-myelinated in the periphery and myelinated

in its central course have been described in the cat's vagus nerve

( Iggo, 1955 ) and in cutaneous nerves of the monkey ( Iggo and

Ogawa, 1972 ). These nerve fibres do not obviously fit into the

above classification. They are exceptional and should be

described with their special properties when encountered.

Over the last 100 years the organisation of peripheral cutaneous

sensory mechanisms has been subject to some controversy. Von

Frey ( 1896 ) postulated a discrete arrangement of specific receptors

subserving the four ' basic ' cutaneous sensory modalities, touch,

pain, heat and cold. Observations of changes of skin sensitivity

during regeneration of sectioned human peripheral nerves l^d
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Head and co-workers ( Head, Rivers and Sherren, 1905;

Head and Sherren, 1905 ) to believe that there are two cutaneous

sensory systems, the protopathic and the epicritic systems. The

first one was to subserve pain and crude sensation and the latter

fine sensory discrimination. Head's findings could not be

reproduced and they were severely criticised by Walshe ( 1942 ).

With the introduction of the oscilloscope ( Gasser and Erlanger,

1922 ) knowledge about the electrophysiology of peripheral nerves

improved, and attempts were made to assign specific sensory

functions to known groups of nerve fibres. In such an attempt

Clark, Hughes and Gasser ( 1935 - 36 ) found that electrical stimulation

of cutaneous C-fibres after apparent pressure block of afferent

myelinated fibres caused powerful autonomic reflexes, which they

could only explain with the assumption that many ' pain '-fibres

were stimulated. This conclusion was in agreement with earlier

findings of Ranson and Billingsley (1916 ). Recently, however,

Douglas and Ritchie ( 1957 ) showed that many C-fibres must

innervate cutaneous receptors other than nociceptors. When

two impulses travelling in opposite direction in one nerve collide,

they cancel each other out. Making use of this phenomenon Douglas

and Ritchie ( 1957 ) demonstrated that an electrically evoked and
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antidromically travelling compound potential recorded from

cutaneous C-fibres is largely abolished by innocuous stimulation

of the skin.

Unequivocal evidence about the function of primary afferent

fibres can only be obtained from recordings from single fibres.

Using this technique Adrian and his group demonstrated that the

All or None law also applied to sensory nerve fibres and that

information from specific nerve endings was transmitted as a

frequency code ( Adrian and Zotterman, 1926 ). Sensitive

mechanoreceptors could be driven at their highest frequency by

innocuous stimulation ( Adrian, Cattel, Hoagland, 1931 ), and Pacinian

corpuscles could not be excited by thermal stimulation ( Adrian and

Umrath, 1929 ). Althoughfess findings were strong physiological

evidence in favour of specificity in the peripheral organisation of

cutaneous sensory mechanisms, the anatomy of the corresponding

receptors was less clear. In skin areas, which subserved all

sensory modalities Sinclair, Weddell and Zander ( 1952 ) could only

discriminate between free and encapsulated nerve endings. The

inability to correlate function and structure of receptor endings

made these workers propose that it is the discharge pattern in a

number of end organs evoked by a natural stimulus which signals

the event of a particular stimulus and not the response of specific

sensory endings ( Sinclair, 1955 ). Using single unit recording
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techniques Wall ( 1960 ) reported that within the myelinated

fibre spectrum there is a continuum of fibres with fibre

diameter and mechanical threshold inversely related. He

regarded his findings as corroborating evidence for the above

theory.

In the last decade recordings from single nerve fibres and

controlled natural stimulation became almost routine methods.

The large number of results obtained with these techniques are

clearly in support of specific sensory endings.

Receptors may be classified either after the specific energy

which elicits a response, or after the type of response after a

specific stimulus ( rapidly or slowly adapting receptors ), or

after anatomical structures which are associated with a

particular response. A general classification takes into account

only the type of the innervating primary afferent fibre.

A. Cutaneous receptors innervated by myelinated fibres.

Many cutaneous receptors on the trunk and limbs with

myelinated afferent axons in sub-primate species proved to be

sensitive mechanoreceptors and the bulk of these mechanoreceptors

is associated with hair follicles. Until recently these receptors

were regarded as one population ( Hunt and Mclntyre, 1960 c ).



Hair follicle receptors :

Recording from fine branches of the cat's saphenous nerve

Zotterman ( 1939 ) found that by stroking the fur small and large

action potentials could be evoked, and his conclusion that smaller

fibres innervated receptors with higher sensitivity than those

innervated by larger ones could be confirmed by Hunt and Mclntyre

( 1960 c ). Recently the response of hair follicle receptors has been

investigated combining controlled stimulation with microscopical

observation ( Brown and Iggo, 1967; Burgess, Petit and Warren, 1968 ),

Brown and Iggo ( 1967 ) found three types of rapidly adapting

mechanoreceptors associated with hair follicles in the hindlimb of

the cat. Type D units responded to movement of down hairs and

possibly guard hairs. Of the three types they had the lowest

thresholds. There was also a response to cooling by 10°C which

lasted for 3-4 sec. , the maximum discharge rate being 10% of the

response to mechanical stimulation. The afferent fibres were in the

delta range. Type G receptors responded with a brief train of

impulses to movement of guard hairs. Conduction velocities of their

afferent fibres were between 18 m/ sec and 93 m / sec. Mechanical

thresholds ranged from values above thresholds for type D receptors

to, in a few cases, the highest values observed for hair receptors.

Type T receptors were excited by movement of tylotrich hairs

( Straile, 1960 ), their mechanical thresholds did not differ from those
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of type G receptors, and their afferent fibres covered a range

of conduction velocities between 44 and 72 m / sec.

Burgess, Petit and Warren ( 1968 ) proposed a similar

classification for rapidly adapting hair follicle receptors. They

failed, however, to identify Type T receptors as a separate group.

But because of a slightly bimodal distribution of the conduction

velocities of primary afferent fibres innervating Type G ( Brown

and Iggo, 1967 ) receptors and also because of their wide range

of mechanical thresholds, these workers found two groups of guard

hair receptors.

Different mechanoreceptors activated by movement of the cat's

vibrissae may be slowly or rapidly adapting ( Fitzgerald, 1940 ;

Gottschadt, Iggo and Young, 1972 ), and slowly adapting responses

can also be evoked by mechanical displacement of feline carpal

( Nilsson and Skoglund, 1965 ) and facial hairs ( Iggo, 1968 ).

Mechanoreceptors in the hairy skin :

Unit activity from slowly adapting mechanoreceptors was

recorded by Frankenhaeuser ( 1949 ), Maruhashi, Mizuguchi and

Tasaki ( 1952 ), Hunt and Mclntyre ( 1960 b ). Frankenhaeuser
association of the

first mentioned the/sensitive spot with a morphologically'distinct

end spot. This could be confirmed by Iggo and Co-workers

( Iggo, 1963; 1966; Iggo and Muir, 1967 ), who identified the
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sensitive end spot as the ' Haarscheibe ' of Pinkus ( 1904 ).

The stimulus response characteristics of Type I slowly

adapting mechanoreceptors were investigated by Iggo ( 1963 ),

Brown and Iggo ( 1967 ), Tapper ( 1965 ), Werner and Mountcastle

( 1965 ) and Burgess, Petit and Warren, (1968 ). The difference

between Type I and Type II slowly adapting mechanoreceptors

was first noted by Witt and Hensel ( 1959 ) and Hunt and Mclntyre

( 1960 b ), and Chambers and Iggo ( 1967 ) suggested the fusiform

endings as the receptor structure for Type II receptors. Although

their results show clearly that they were recording from both units

Werner and Mountcastle ( 1965 ) failed to notice the difference.

To a maintained mechanical stimulus Type I receptors respond

with an initial dynamic discharge pattern which is followed by a

slowly adapting component lasting over minutes ( Iggo, 1966;

Tapper, 1965; Werner and Mountcastle, 1965 ). Threshold values

are extremely low ( 10 mg ). The receptive fields are spotlike.

The sensitive spots are the dome shaped hair discs ( Haarscheibe

of Pinkus, 1904 ), the receptor cells being the Merkel cells within

these structures ( Iggo, 1963; Iggo and Muir, 1967 ). The

discharge pattern particularly in the adapted state is irregular

and it is also temperature dependent. Type I receptors tend to

be associated with tylotrich hairs. In the cat conduction velocities

of afferent fibres range from 30 - 100 m / sec.



17

Type II slowly adapting receptors are readily excited by

stretching the skin. Their response consists of a less pronounced

initial dynamic and a long drawn out slowly adapting phase

( Iggo, 1966; Chambers and Iggo, 1967 )„ They are not associated

with touch corpuscles. Their discharge is highly regular.

Conduction velocities of afferent fibres are between 18 and

100 m / sec. Field receptors ( Burgess, Petit and Warren, 1968 )

respond to rapid movements of a large number of hairs. However,

mechanical deformation of the skin itself is probably the adequate

stimulus for these receptors.

Pacinian corpuscles in the subcutaneous tissue produce a

rapidly adapting response to mechanical stimulation of the skin

( Hunt and Mclntyre, 1960 c; Brown and Iggo, 1967; Burgess,

Petit and Warren, 1968 ). They may also be excited by hair

movement. A similar response pattern could be evoked from

tap receptors ( Burgess, Petit and Warren, 1968 ), and Janig,

Schmidt and Zimmermann ( 1968 ) and Janig ( 1971 ) classified

the mechanoreceptors in the foot padag rapidly adapting, slowly

adapting receptors and Pacinian corpuscles.

Recordingjfrom primary afferent fibres responding to -stimulation

o£ noxious stimulation of the skin have been made by Zotterman ( 1939 ),

Maruhashi, Mizuguchi and Tasaki ( 1952 ) and Burgess and Perl ( 1967 ).
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The latter authors succeeded in recording from a large number

of units responding exclusively to specific noxious stimuli. Their

afferent fibres fired when skin in the receptive field was pricked,

pinched or cut, but there was no response to heating the skin.

None of the units under investigation was spontaneously active.

All afferent fibres had conduction velocities in the delta range.

B. Receptors with non-myelinated primary afferent fibres :

The smallness of C-fibres in vertebrates precluded recordings

from single units until recently. Zotterman ( 193 9 ) recorded

electrical activity from a few 1 C-fibres and he found that some

of these fibres could be excited by innocuous stimulation of the skin.

Unfortunately his'C-fibre' group included fibres with conduction

velocities of up to 7 m / sec. Gasser ( 1950 ) demonstrated that

non-myelinated fibres in vertebrates do not conduct impulses

faster than with 2. 5 m / sec. Maruhashi, Mizuguchi and Tasaki

( 1952 ) substantiated Zotterman's finding for C-fibres proper,

and Douglas and Ritchie ( 1957 , see above ) proved tha:t many

cutaneous C-fibres innervate receptors other than nociceptors.

In visceral nerves Iggo ( 1955, 1958 ) developed a dissection

technique for recording unitary potentials from non-myelinated

fibres, and in some experiments Perl and Co-workers ( Bessou,
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Burgess, Perl and Taylor, 1971; Bessou and Perl, 1969 )

recorded from cell bodies in dorsal root ganglia in order to

determine the characteristics of the receptors innervated.

Mechanore)?fors : Dissecting fine strands from the cat's

saphenous nerve Iggo ( 1960 ) described a number of mechano-

receptors with threshold values ranging from 25 mg to 3 g for pressure

applied with a small probe. Generally these units responded with

an initial peak frequency of not more than 100 / sec. , which adapted

within a second to a much smaller discharge rate. After a period

of slower adaptation ( over seconds ) the receptor eventually ceased

to fire. Although these receptors are not spontaneously active, they

may show a marked after discharge over a long time. They can also

be easily fatigued, ( Iggo and Kornhuber, 1968; Bessou, Burgess,

Perl and Taylor, 1970 ). The receptive fields are small.

Compared with mechanoreceptors with myelinated afferent fibres

they have only a poor response to dynamic stimuli ( Bessou and

Perl, 1969 ). Responses to thermal stimuli could only be evoked

by very high stimuli, which destroyed the receptor or by cooling.

But cooling evoked much lower discharge rates than mechanical

stimulation ( Iggo, 1960; Bessou and Perl, 1969 ).
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Temperature receptors : Sensitive warm receptors in

the feline skin generate their maximum frequencies above 41 °C

and cold receptors between 16 and 27 °C. Temperatures outside

the respective ranges decreas^or abolish the discharge ( Hensel,

Iggo and Witt, 1960 ). Most of these receptors are not excited

by mechanical stimulation, and they tend to have thresholds under

45 °C. However the response ranges of receptors activated by

innocuous or heat stimuli overlap. The maximum discharge rates

observed were between 38 and 80 imp / sec. In general these

receptors behaved similar to thermoreceptors in the cat's tongue

( Dodt and Zotterman, 1952 ) and the monkey's forearm ( Iggo, 1964;

1968 ), which are innervated by delta fibres.

Nociceptors : The known types of cutaneous nociceptors

innervated by C-fibres are either excited by heat or by intense

mechanical stimulation or by a variety of noxious stimuli ( polymodal

nociceptors ). The heat receptors with the lowest thresholds

( excitation exclusively over 45°C ) had a threshold of 48°C ( Iggo,

1959 ). Similar to low threshold mechanoreceptors with afferent

C-fibres heat receptors respond initially with a fairly high

frequency up to 100 imp / sec, which adapts over seconds or over

a few minutes. They are not readily excitable by mechanical

stimulation. A high threshold mechanoreceptor with similar
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response characteristics to strong mechanical stimuli was

described by Bessou and Perl ( 1969 ). These receptors have

not been investigated with low temperature stimulation.

Polymodal nociceptors ( Bessou and Perl, 1969 ) are usually

activated by moderate to intense mechanical stimuli. Their

maximal response is elicited by noxious stimulation, and it is of
the slowly adapting type. Chemical irritants are also effective.

Another feature of these receptors is that heat lowers the

thresholds and enhances the responses for mechanical or chemical

stimuli.

CONCLUSIONS

Cutaneous receptors are innervated either by myelinated

or by non-myelinated nerve fibres. Both fibre types differ from

each other in their structures, sizes, modes of conduction and

conduction velocities. But they have in common that sensory

messages are transmitted as a frequency code. Mammalian

receptors show a high degree of specificity, and information is

not coded in a way that sets of receptors produce different firing

patterns in response to stimuli of different modalities. Attempts

to assign groups of nerve fibres exclusively to specific sensory

modalities have not been very successful. Fibres out of the whole

range of conduction velocities may innervate mechanoreceptors, and

nociceptors have afferent fibres in the delta as well as in the C-fibre

range.
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2 ) Selective blocking techniques for impulse conduction in
myelinated fibres :-

Mammalian cutaneous nerves contain, apart from myelinated

nerve fibres ( A-fibres ), a large number of afferent

non-myelinated fibres ( C-fibres ). During the last 70 years

much work has been done to determine the role of cutaneous

C-fibres. In the course of investigations into this question one

problem was recurrent, namely the generation of electrical

activity in C-fibres alone. C-fibres have a higher electrical

threshold than A-fibres and they conduct impulses slower than

A-fibres. Responses in the central nervous system after

peripheral C-fibre stimulation are therefore always conditioned

by a preceding volley in the A-fibres. An unconditioned

C-response can be obtained by selective block of impulse

conduction in myelinated fibres. Alternatively a pure C-fibre

input into the central nervous system may be produced by

selective natural stimulation of receptors innervated by C-fibres.

For this purpose heat stimuli have been used ( Burke, Rudomin,

Vyklicky and Zajac, 1971 ). Commonly sensory modalities are

subserved by receptors innervated by A-fibres as well as by ones

having primary afferent C-fibres. Heat receptors appear to be

exceptional in this respect. They are supposed to be always

supplied by C-fibres. Conceivably- Heat receptors with primary
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afferent A-fibres have not yet been found. Further evidence

is needed on this point.

Techniques which have been used for selective block of

impulse conduction in larger myelinated or all myelinated

fibres can be subdivided into three types. Either mechanical

pressure is applied to the nerve, or the nerve is cooled, or it

is subjected to electrical currents.

A. Techniques using mechanical pressure;

Gentle pressure applied to a peripheral nerve appears to

block impulse conduction in a selective manner. Conduction

block occurs first in the largest fibres and successively smaller

fibres fail to conduct impulses ( Gasser and Erlanger, 1929;

Leksell, 1945 ). Pressure causes ischaemia in the affected piece

of nerve. After a sufficient time of exposure to pressure it is

possible to reduce the compound action potential of a peripheral

nerve to the component caused by electrical activity in C-fibres,

( Clark, Hughes and Gasser, 1935-36 ). In contrast to previous

investigators Mendell and Wall ( 1964 ) found pressure block

insufficient in its selectivity between myelinated and non¬

myelinated fibres. A precise assessment about the degree of

selectivity of a preferential blocking method can only be made

by the use of single unit recordings ( see below ). The pressure
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block has not been investigated in this way.
i

The two obvious disadvantages of the method are its delayed

onset and the lack of reversibility. It may take up to 45 minutes

before the alpha-wave of a compound action potential is abolished,

and after release of the pressure the compound action potential

does not regain its original shape ( Leksell, 1945 ).

|The advantage of the method is that it does not require
exposure of the nerve. This makes it a suitable procedure for

human experiments, and provided that only a qualitative

selectivity is required, meaningful results can be obtained

( Torebjork and Hallin, 1973 ).

B. Block of impulse conduction by cold.

The fact that cold abolishes transmission through nerve fibres

was known by Biedermann ( 1889 ). Since then cold has been used

repeatedly for this purpose ( Hammouda and Wilson, 1935,

Partridge, 193 9 ). Torrance and Whitteridge ( 1948 ) used a

cooling method in order to block impulse conduction selectively

in larger fibres. In a later study Sinclair and Hinshaw ( 1951 )

concluded from changes in sensory modalities perceived after

cooling the elbow of a human subject that the blocking effect on

nerve fibres cannot bear any relation to the diameter of the

nerve fibres affected. This corresponded with earlier results
c

from Bickford ( 1939 ). Using the compound action potential as
K

an indicator for the action of the cold, Douglas and Malcolm ( 1955 )

found the C-fibres least susceptible to cooling of the nerve.
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Conduction in smaller myelinated fibres, however, appeared

to fail at higher temperatures than in larger myelinated fibres.

Paintal ( 1965 ar') reinvestigated the relationship between the

temperature of a nerve and failure of impulse conduction. He

correlated single unit recordings from fine strands with compound

action potentials recorded from the same cooled nerve. Under

these conditions the delta-wave of the compound action potential

was always abolished before conduction failure occurred in single

delta fibres. Unitary recordings from cooled nerves also

indicated that conduction failure occurs in myelinated fibres at a

temperature between 7°C and 9°C, regardless of their conduction

velocity. In his investigation Paintal ( 1965 a ) demonstrated

unambiguously that a quantitative assessment of the efficacy of a

selective blocking method for fast conducting nerve fibres can only be

made when single unit recordings are employed. The mean

blocking temperature for C-fibres was found to be significantly

lower than the temperature required for conduction block in

myelinated fibres, and the maximum frequency of pulse trains

transmitted through the cooled part of a nerve was found to be lowered

( Paintal, 1967, Franz and Iggo, 19689). The effect low temperatures

have on impulse conduction in a whole nerve depends on whether there

are temperature gradients within the nerve or not ( Paintal, 1965

Franz and Iggo, 1968a). In an attempt to overcome this problem,

Paintal used small pools formed out of tissue adjacent to the nerve,
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which he filled with saline at the desired temperature. This

procedure entails a certain amount of kinking and stretching

and nerve fibres affected show an extraordinary blocking pattern.

Franz and Iggo ( 1968 ) designed a thermode which minimizes

temperature gradients within the nerve and at the same time allows

non-traumatic positioning. The part of the nerve which is not

attached to the semi-circular thermode is covered with agar

made up in saline. With this device Franz and Iggo could confirm

Paintal's results. They found that A and C-fibres showed the

same proportional decrease in conduction velocity between 37 °C and

17°C. Below this temperature the proportional decrease was

slightly greater for A-fibres, the mean blocking temperature

for A and C-fibres being 7. 20C_ and 2. 6°C. Cooling also

affected the transmission of impulse trains. Reliably, only

single impulses could pass the cooled region in C-fibres when

conduction was blocked in all A-fibres.

The main disadvantages of the cooling methods are limited

frequency following capacity of cooled nerve fibres and also the

amount of equipment needed. Cooling methods do, however,

produce a selective conduction block of myelinated fibres only,

which is reversible. Cold block is the only method applicable,

when it is necessary to block impulse conduction in the spinal

cord reversibly ( Wall, 1967 ; Brown, 1971 ).
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G. Selective block of impulse conduction with electrical
currents.

Electrical currents have been used in various attempts to

produce a reversible block of impulse conduction in large

fibres in peripheral nerves. In the methods used the nerve

was subjected either to tetanic stimulation or to dc-polarisation.

1 ] Conduction block after tetanic stimulation.

In the anaesthetised dog Bishop [ 1932 ] and Bishop and

Heinbecker [ 1935 - 36 ] developed a technique where they applied

a repetitive electrical stimulus strong enough to excite all myelinated

fibres in a peripheral nerve. A strong single stimulus given to the nerve

shortly afterwards produced only a compound action potential related

to activity in C-fibres. The A-deflection was abolished. This

method has subsequently been used by Bessou and Laporte

[ 1958 ] and by Collins and Randt [ 1960 ]. Although it appears

that conduction in all myelinated fibres was blocked it is probable

that some myelinated fibres were still conducting. Franz and Iggo

[ 1969 ] showed in the cat that anaesthesia prevents ventral

root reflexes after peripheral C-fibre stimulation. Bishop and

Heinbecker [ 1935 - 36 ] however, observed reflex contraction after

exclusive C-fibre activation, evoked with their method in

anaesthetised dogs.
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The blocking tetanus itself produces an afferent volley-

in myelinated fibres ( Collins and Randt, 1960 ). A

subsequent C-volley therefore reaches the central nervous

system when it is in a conditioned state. Finally Mendell

and Wall ( 1964 ) pointed out that the blocking tetanus causes

asynchronous firing in myelinated fibres, and that the tetanic

stimulus has to be strong enough to excite C-fibres in order

to produce a satisfactory conduction block in all myelinated

fibres. Selective block of myelinated fibres by strong tetanic

stimuli is not a quantitative method, it introduces asynchronous

firing, evokes activity in C-fibres and leaves the central nervous

system in a conditioned state.

High frequency stimulation for selective conduction block

within the fibre spectrum of the myelinated fibres has been used by

Tanner ( 1960 ). He applied a 20 kHz alternating current to a

peripheral nerve in the frog. With increasing amplitude of the

current he abolished successive parts of the compound action

potential beginning with the deflexion of shortest latency. This

effect can however be accounted for by asynchronous firing by

the respective group of nerve fibres ( Woo and Campbell,

1964 ). The blocking effect is therefore a spurious one.
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2) Selective conduction block by dc-polarisation.

Effects of dc-polarisation on single nerve fibres and on whole

nerves : The effect dc-polarisation has on the excitatory state of

single nerve fibres depends on the polarity of the applied current

pulse, its strength and its shape. In the squid giant axon a

sufficiently strong rectangular cathodal stimulus depolarises

the membrane of the axon above the threshold potential and because

of transient increase in transmembrane conductance for initially

sodium ions and later potassium ions a propagated action potential

is generated ( Hodgkin, 1958 ) ). If the depolarisation is

maintained, transmembrane conductance for sodium will remain

low and for potassium high. In this situation the initiation of

another propagated action potential is not possible. Myelinated

axons of the frog react in a similar way to cathodal polarisation

( Dod^p and Frankenhaeuser, 1959 ; Frankenhaeuser, 1960 ).

If the cathodal current is applied in slowly rising strength to the

nerve, the threshold for initiation of an action potential is increased.

This process of accomodation is closely related to inactivation of

transmembrane conductance for sodium ( Frankenhaeuser and

Valbo, 1965 ). With slowly rising currents an axon can therefore

be rendered inexcitable without initiation of an action potential .
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Cathodal polarisation of single nerve fibres or whole

peripheral nerves with small suprathreshold currents causes

repetitive firing ( Hodgkin, 1939; Skoglund, 194^ Tasaki, 1951 ).

In this condition the membrane becomes unstable., and the membrane

potential shows oscillation around the threshold value ( Frankenhaeuser

and Valbo, 1965 ).

Anodal polarisation hyperpolarisas the membrane of nerve

fibres. Because of increased activation of sodium conductance,

the threshold for initiation of an action potential is lowered.

However, with increasing hyperpolarisation the difference between

membrane potential and critical threshold value becomes larger

and the fibre becomes less excitable or inexcitable in the

hyperpolarised area ( Tasaki, 1957 ).

Whether dc-polarisation causes failure of impulse conduction

depends also on the lengths of the polarised part of the nerve. In

non-myelinated fibres propagation of the local circuit type has to be

interrupted. In myelinated fibres excitation may jump over 3 nodes

of Ranvier ( Tasaki and Takeuchi, 1941 ). Polarisation must

therefore extend over this length of fibre.
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Preferential block of special fibre groups :

It was known by Bernstein ( cited from Halliburton and

McDowell, 1930 ) that dc-polarisation of nerves causes

reversible failure of impulse conduction. An electrotonus

was believed to be the reason for this phenomenon. More

recently dc-polarisation has been used for selective block of fast

conducting nerve fibres in peripheral nerves. Commonly bipolar

polarisation electrodes of variable design are attached to a peripheral

nerve with stimulating electrodes on one side and electrodes

suitable to record compound action potentials on the other side.

Depending on whether the anode or the cathode of the polarising

electrodes is next to the recording site, the blocking method is

called an anodal or a cathodal one. This convention does not allow

conclusions about the specific blocking mechanism involved. With

increasing polarisation either depolarisation or hyperpolarisation

blocks impulse condution first. This cannot depend on the

polarity of the polarising electrodes.

When the polarising current is applied with increasing strength,

fractions of the compound action potential are abolished

( Mendell and Wall, 1964, Zimmermann, 1968 ). For this reason

the compound action potential has been used an an indicator for

the efficacy of the polarizing current.
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Explanations for the selective blocking action of

dc-polarisation are based on the finding that the conduction

velocities of nerve fibres are proportional to their diameters

( Hursh, 1939 )„ For small fibres the extracellular space is

a more effective electrical shunt than for large fibres. Small

fibres are therefore penetrated by less current than large fibres

( Kuffler and Gerard, 194? ). Mendell and Wall ( 1964 ) gave

a similar explanation for the selective blocking effect of

dc-polarisation. " The amount of current going into and out

of a nerve fibre is determined in part by its internal resistance,

which will vary with the square of the fibre diameter.

Techniques employed :

The dc-polarisation techniques used for preferential conduction

block of fast conducting fibres differ mainly in design and polarity

of polarising electrodes. The current is usually drawn from a

battery, which is connected to the electrodes with a potentiometer

interposed.

For anodal block of all myelinated fibres larger than gamma-

fibres Leksell ( 1945 ) used electrodes of " conventional design ".

This must mean that he either used silver-silverchloride ( Ag-AgCl)

hook electrodes or saline wick electrodes. For the same purpose
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Ruffler and Gerard ( 1947 ), recording from small motor nerves

of the frog, used wick electrodes. Wick electrodes have a large

area of attachment to the nerve. Current sinks and sources are

therefore minimised. This entails an evenly distributed current

flow through the nerve. Polarisation could be maintained over a

long period with no obvious traumatic effects to the nerve. Wick

electrodes have also been used for preferential block of all

myelinated fibres leaving only the C-fibres conducting ( Manfredi,

1970; Guz and Trenchard, 1972 ).

A different polarising electrode with a large attachment area

to the nerve has been developed by Mendell and Wall ( 1964 ).

Two small Ag-AgCl troughs were lined with saline soaked cotton

wool, on which the nerve was placed. Mendell and Wall used these

electrodes for conduction block in all myelinated fibres. For

this purpose ( Koizumi, Collin, Kaufman and Brooks, 1970; Mendell,
1

1972; Dawson, Merril and Wall, 1970 ) and for differential block

within the group of myelinated fibre ( Casey and Blick, 1969 ) this

type of electrode has been used extensively. Wagman and Price

(1971 ) altered these electrodes in that they attached the nerve with

saline agar to the Ag-AgCl troughs instead of with cotton wool, the

idea being that this would even out current flow even more.
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A different approach to the anodal blocking technique was

chosen by Kuffler and Vaughan-Williams ( 1953 ). With a

widely spaced pair of stimulating electrodes, stimuli longer than

necessary for excitation were given to the nerve. Impulses in

fast conducting fibres reached the anode when the nerve was

hyperpolarised. This impeded further propagation. Impulses

conducted in small fibres could pass the anode. By the time of

their arrival hyper-polarisation had ceased. It is surprising

that there was no off-response under the anode. In an attempt

to block impulse conduction in all myelinated fibres with this

method, Mendell and Wall ( 1964)were unable to avoid this effect.

Zimmermann ( 1968 ) found that anodal polarisation of the

cat's sural nerve causes asynchronous firing. He proposed a

cathodal polarisation technique for preferential conduction block

in myelinated fibres. Polarisation of the nerve was effected with

a bipolar ball electrode, which was attached to the nerve with

two small drops of Tyrode solution. In order to minimize

spontaneous firing the current strength was increased over 250 ms

in a linear fashion until it reached the required strength.



Selectivity of dc-polarisation block :

A reliable assessment of the efficacy of a selective blocking

method is only possible with the use of single unit recordings

from peripheral nerves. This has been done by Casey and

Blick ( 1969 ). In a small sample of myelinated fibres,

conduction velocities of single fibres and the shape of the compound

action potential were compared with polarisation current strength

required for block of impulse conduction or abolition of the

corresponding deflexions of the compound potential. Although

there was a tendency that with increasing current, fibres with

decreasing conduction velocity failed to conduct impulses, this

was not a strict rule. In the compound action potential usually

the A-delta wave was the first wave to disappear.

Under the assumption that the fibre size is the discriminating

criterion for selectivity, the relation between blocking current

and fibre size cannot be more precise than the relation between

fibre size and conduction velocity. In Hursh's ( 1939 ) data

a straight line is the best approximation for the relation between

fibre size and conduction velocity. However, the scatter around
k

this line compares well with Casey and Blick's observation.

In the myelinated fibre range selectivity of the dc-polarisation

block is not complete. However, selectivity between myelinated



and non-myelinated fibres is possibly quantitative. In cells

in the spinal cord with excitatory input from A- and C-fibres,,

the response to A-fibre stimulation can be totally abolished

by dc-polarisation of peripheral nerves ( Mendell and Wall, 1964 ;

Gregor and Zimmermann, 1972 ).

j According to Zimmermann ( 1968 ) the degree of selectivity

depends to a great extent on the duration of polarisation. This is

in contrast to observations by Kuffler and Gerard ( 1947 ) and

Guz and Trenchard ( 1972 ). The argument for a strong time

dependence is based on a selectivity coefficient, which is

defined as the ratio between the initial amplitude of the C-deflexion

in a compound action potential and the corresponding amplitude

after a variable time of polarisation. The amplitude of a

compound action potential can be diminished either because of

conduction block in contributing fibres, or because of dispersion.

In the latter case the selectivity coefficient would indicate low

selectivity where in fact polarisation would only have caused

slowing down of the conduction rate.



Asynchronous firing :

Repetitive firing has been shown by Tasaki and Bak ( 1953 ) and

by Frankenhaeuser and Valbo ( 1965 ) in single nerve fibres

polarised with small cathodal currents. Situations where a

whole nerve is exposed to small cathodal polarisations are

therefore conducive to generation of repetitive firing activity.

Asynchronous firing during anodal polarisation of whole nerves

has been encountered by Leksell ( 1945 ) and by Zimmermann ( 1968 ).

Polarisation of the thick sciatic nerve in the cat., as done by

Leksell ( 1945 ), almost certainly produced an uneven current flow.

In many other investigations asynchronous firing is not mentioned

as a significant complication ( Casey and Blick, 1969, Kuffler

and Gerard, 1953, Manfredi, 1970 ). Repetitive firing in anodal

block may be explained with the formation of a virtual cathode

between anode and recording site, ( Zimmermann personal

communication; Merrill and Wall, 1972 ). Setting up of a virtual

cathoderequires a current pathway outside the nerve. Such an effective

pathway may exist, if the nerve is not freed sufficiently from adjacent

tissue at the polarising site. For polarisation of dorsal roots,

where the adjacent tissue is the spinal cord, tripolar electrodes

consisting of one cathode flanked by two anodes have been used

( Merrill and Wall, 1972.]
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Effect of polarisation on conduction of pulse trains :

During cooling of nerve fibres the maximum frequency of

pulse trains, which can be transmitted through a nerve fibre

is reduced ( Franz and Iggo, 1968 ). Following polarisation

of a whole nerve Guz and Trenchard ( 1971 ) showed that the

delta deflection in a compound action potential did not appear

in a one to one ratio to the number of stimuli applied, when

stimulation frequencies of more than 100 / s were used.

Although Guz's and Trenchard's finding is indirect evidence, it

suggests that the capacity to transmit pulse trains is reduced

by polarisation.

CONCLUSIONS

•Selective conduction block of myelinated fibres has been

attempted in three ways. Only the technique using cold has been

investigated on the basis of recordings from single fibres.

Pressure block as well as electrical block have only been tested

in an inappropriate way assessing the effect from alterations of the

compound action potential. Pressure block is slow in its onset,

and when repeated it damages the nerve. Because of its

simplicity the dc-polarisation block is potentially the most

attractive method. In order to use it with confidence, its
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properties need to be investigated in detail. This applies in

particular to the degree of selectivity of this technique and this

can only be done with recordings from single fibres.
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3. Course and Termination of Cutaneous Afferent Fibres in

the Dorsal Horn.

In the cross sectional plane of the dorsal rootlets shortly

before their entry into the spinal cord non-myelinated fibres

lie peripheral and myelinated central [ Ranson, 1913 ]. In a

later investigation Ranson and Billingsley [ 1916 ] suggested that

myelinated fibres run through the medial part of the entering

rootlets and non-myelinated in the lateral. Szentagothai [ 1964 ]

showed the original observation to be the right one. Non-myelinated

fibres may enter the spinal cord also through the ventral roots

[ Coggeshall, Coulter and Willis, 1973 ].

In their further course myelinated fibres curve through the

posterior funiculus to the central and medial parts of the grey

matter, and their terminations can be found in most parts of the

gr*y matter [ Scheibel and Scheibel, 1969 ]. A high concentration

of degenerating knobs appears in Rexed's [ 1952 ] laminae IV and VI

[ Sprague and Ha, 1964; Ralston, 1965; Scheibel and Scheibel, 1968 ],

after section of dorsal roots. In lamina IV collaterals from

myelinated primary afferent fibres also form a dense plexus, out

of which terminal branches recurve to laminae II and III [ Cajal, 1952 ].

Termination in lamina II was questioned by Ralston [ 1965 ], who failed

to demonstrate terminal degeneration with the Nauta method after

section of dorsal roots. His negative finding was possibly due to

too long degeneration times [ Heimer and Wall, 1968 ], and Sprague
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and Ha ( 1964 ) and Heimer and Wall ( 1968 ) succeeded in

demonstrating terminal degeneration with the Fink-Heimer

technique and with the electron microscope.

There are numerous axo-axonic synapses in laminae II

and III ( Ralston, 1968 a ), the post synaptic side being formed

by large primary afferent collateral fibres ( Rethelyi and

Szentagothai, 1969 ). Since axons forming the presynaptic side

do not degenerate after deafferentiation, they must be of spinal

origin. According to Rethelyi and Szentagothai ( 1969 ) their cell

bodies may be the large pyramidal cells in lamina IV. Gray ( 1962 )

proposed axo-axonic synapses as the anatomical basis for presynaptic

inhibition, and presynaptic depolarisation of myelinated primary

afferent fibres has been suggested as the function of the structural

arrangement described ( Rethelyi and Szentagothai, 1969 ,

Schmidt, 1971 ). The Substantia Gelatinosa proper corresponds

to Rexed's ( 1952 ) lamina II. On functional ( Wall, 1962 ) and

structural grounds ( Sprague and Ha, 1964, Szentagothai, 1964 )

lamina III has been included in his term, and currently there is

some confusion about its meaning. In the cervical and lumbo¬

sacral cord the neuropil in laminae II and III is not discrete. In

transverse sections it has the shape of radially oriented lobuli

( Szentagothai, 1964, Cajal, 1952 ). In sagittal sections these
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lobuli turn out to be large flat sheets ( Scheibel and Scheibel, 1968 ).

Primary afferent C-fibres entering through the dorsal roots

can be traced into the medial part of Lissauer's tract at the tip

of the dorsal horn ( Ranson, 1914; Pearson, 1952 ). The lateral

half of this tract consists of small fibres of spinal origin ( Earle,

1952 ). These fibres form propriospinal system connecting laminae

II and III of adjacent spinal segments.

Ranson ( 1914 ) also suggested that collaterals of fibres in

Lissauer's tract enter the substantia gelatinosa. This could be

substantiated by Pearson ( 1952 ).

Current knowledge about projection of afferent fibres to

laminae II and III indicates that in contrast to large fibres,

which approach this area from ventral, primary afferent

C-fibres enter it from the dorsal, side. Further evidence for

this concept is Ralston's ( 1968 b ) electronmicroscopic

observation that there are many non-myelinated fibres in both

laminae and very few in deeper layers. The precise mode of

termination of C-fibres however still awaits discovery.
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4. The Spino-Cervical Tract.

In 1955 Morin described a new ascending cutaneous system

terminating in the cortical sensory areas I and II. Responses

evoked in SII by natural stimulation were only abolished when a
i

section of the dorsal columns was enlarged to include the

dorso-lateral funiculus ( DLF ) ipsilateral to the stimulated area

of skin. The spinal part of Morin's pathway is the spinocervical

tract ( SCT ). Cell bodies giving rise to SCT-axons have been

found in laminae IV and V ( Eccles, Eccles and Lundberg, 1960 ;

Wall, 1960; Fetz, 1968; Bryan, Trevino, Coulter and Willis, 1973 ),

and a smaller percentage was located in laminae II and VI ( Bryan,

Trevino, Coulter and Willis, 1973 ). SCT fibres travel in the

medial part of the dorso-lateral funiculus ( DLF ) ipsilateral to the

cutaneous nerves providing excitatory input to the cervical

segments C1 and C ( Lundberg and Oscarsson, 1961, Taub and■JL cj

Bishop, 1965 ), where they synapse with cells of the lateral

cervical nucleus ( Rexed and Strom, 1952; Brodal and Rexed, 1953;

Lundberg, 1964; Horrobin, 1966 ). But SCT fibres may also

terminate in the dorsal column nuclei of the cat ( Dart and Gordon,

1973; Gordon and Grant, 1972 ), and of the rat ( Tomasulo and

Emmers, 1972 ). The cells of the lateral cervical nucleus are

the origin of the cervico-thalamic tract, which crosses to the

contralateral ventral medulla at its junction with the spinal cord
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( Morin and Catalano, 1955; Catalano and Lamarche, 1957 ).

Eventually the tract joins the medial lemniscus ( Gordon and Jukes,

1963; Horrobin, 1966 ) and terminates in the ventrobasal nucleus

of the thalamus ( Landgren, Nordwall and Wengstrom, 1965 ). The

final part of Morin's pathway is the thalamo-cortical tract which ends

in the sensory areas I and II ( Morin, 1955; Anderson, 1962;

Norrsell and Voorhoeve, 1962 ). In most investigations about this

pathway preparations using peripheral nerves in the hind-limb have

been used. Oscarsson and Rosen ( 1964 ) showed that cutaneous

fibres from the forelimb also project to the sensory emdr SI through

the SCT, and Whitehorn and co-worker's ( Whitehorn, Morse and Towe,

1969 ) inability to evoke potentials in SI from forelimb nerves through

Morin's path remains an isolated finding.

Morin ( 1955 ) and Morin, Kitai, Portnoy and Demirjan ( 1963 )

believed collateral branches of the dorsal spino-cerebellar tract

( DSCT ) to provide the input to the lateral cervical nucleus ( LCN ).

In this case one would expect that cells in the nucleus could be

excited by anterior cerebellar stimulation, which is not possible

( Horrobin, 1966 ), and afferent fibres to the nucleus should not

extend to spinal segments caudal of Clarke's column, which they do.

Brodal and Rexed ( 1953 ) observed pre-terminal degeneration in the

LCN after section of the DLF in the spinal segment .
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Grundfest and Carter ( 1954 ) described a spino-olivary tract,

which could be excited by stimulation of cutaneous nerves,

contralateral to the olive under investigation. With the Marchi

method no degeneration could be demonstrated in the olive after

section of the DLF. This negative finding could best be accounted

for by the presence of a relay somewhere in the course of this

pathway, and Krieger and Grundfest ( 1956 ) found this relay in the

lateral cervical nucleus. The spino-olivary system appeared to

be independent from the DSCT, because it was inexcitable by cere¬

bellar stimulation ( Di Biaggio and Grundfest, 195 6 ). The

similarities between the spino-olivary tract and the SCT suggest

that both systems may be identical.

Well defined lateral cervical nuclei ( and therefore probably

SCTs)have been demonstrated by Rexed and Strom ( 1952 ) in the cat,

by Rexed ( 1958 ) in the dog, sheep, seal, and whale, by Ha, Kitai

and Morin ( 1965 ) in the racoon and by Mizuno, Nakano,

Imaizumi and Okamoto ( 1967 ) in the Japanes and Owl monkeys.

In the rhesus monkey the nucleus is better defined than in many sub-

primate species ( Ha, 1971 ). The presence of the nucleus is

doubtful in rat, guineapig and man ( Rexed, 1958 ) and rabbit

( Mizuno, 1966; Brown, 1969 ).



4 6

An electrophysiological identification of SCT-units must

delineate these units from fibres of the contiguous DSCT and

from propriospinal connections in the DLF. Merrill and Wall

( 1972 ) recorded from units in the DLF, and they believed that

these fibres belonged to the SCT ( Wall, personal communication ).

Similarly Eccles, Eccles and Lundberg ( 1960 ) thought they were

recording from SCT cells in laminae IV and V, because these

cells could be activated antidromically from the lower ipsilateral

DLF. This test, however, did not exclude the possibility of

propriospinal fibres. Lundberg and Oscarsson ( 1961 ) identified

SCT fibres by exclusion of DSCT units. Fibres in their sample

were not excited by anterior cerebellar stimulation.

Unambiguous identification of axons belonging to the SCT must

include demonstration of a relay in the LCN ( DSCT units do not

excite the nucleus, Horrobin, 1966 ). This has been done by Taub

and Bishop ( 1965 ) and by Brown and Franz ( 1969 ). Using this

criterion SCT units must be excitable by stimulation of the DLF

at Cg or C^, but not from C^. Fibres which show a great
reduction of their conduction velocity may also be regarded as

belonging to the SCT. Within the LCN SCT axons tend to branch

off, which entails reduction of the diameters and conduction rate

of the branches ( Taub and Bishop, 1965 ).
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Until recently two types of SCT units could be differentiated.

All units were excited by hair movement and some showed an

additional response to pressure ( Lundberg and Oscarsson, 1960;

Wall, 1960; Taub, 1964; Taub and Bishop, 1965; Mendell, 1966 ).

The group of hair receptors consists of three different populations

of receptors ( Brown and Iggo, 1967 ). In order to establish

whether the SCT discriminates between the different types of hair

receptor, Brown and Franz ( 1969 ) made recordings from identified

SCT units in combination with controlled natural stimulation of hair

follicle receptors. In the decerebrate and anaesthetised states

four types of units were found in response to mechanical stimulation

Type I was excited by movement of the tylotrich hairs

of Straile, [ 1960 ].

Type II responded to movement of guard hairs. Some units were

also weakly excitable by strong pressure.

Type III received excitatory input from all three types of hair

follicle receptors, and some of these units were also weakly

excitable by pressure.

Type IV ( only two were found ) had either no receptive field or

showed a weak response to pressure.

Claw receptors . receptors in the horny skin of the foot pad.

Type I and Type II slowly adapting mechanoreceptors and Pacinian

corpuscles were not found to project to the SCT.
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In the spinal state additional input to all types of SCT units

from heat receptors, hair follicle receptors and pressure

receptors was found by Brown ( 1971 ) and Brown and Franz ( 1969 ).

In the decerebrate and anaesthetised states this input component

was suppressed by tonic descending inhibition. In general

descending inhibition affected input from slowly conducting primary

afferent fibres, which tended to have polysynaptic connections,

stronger than input from fast primary afferent fibres, and electrical

stimulation of descending inhibitory pathways also resulted in a

delay of polysynaptic input into the SCT ( Brown, Kirk and Martin,

1972 ).

Since all hair follicle receptors can excite SCT units, alpha

and delta fibres must be among the primary afferent fibres

projecting to this system ( Brown and Iggo, 1967 ). It is probably also

possible to excite SCT fibres by stimulation of primary afferent

C-fibres ( Gregor and Zimmermann, 1969; Brown, 1971 ). This

is in agreement with Mendell and Wall ( 1965 ), who were able to

excite 60% of the cells in the DLF with presumed cells in Layers

IV and V by peripheral A and C-fibre stimulation. Repetitive

electrical stimulation with frequencies between 2 and 0. 5 Hz resulted

in an increased number of spikes with each successive stimulus

( wind-up phenomenon ). This effect was attributed to a possible

facilitatory effect of activity of C-fibres on CLevoked responses.
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Taub and Bishop ( 1964 ) computed an average conduction

velocity of 58 m / sec. for SCT fibres., which matches well

with the figure of 59. 5m/ sec ( range 17 - 103 m / sec ) reached—

-arfc-by Brown and Franz ( 1969 ). Thus many SCT-fibres conduct

faster than primary afferent fibres projecting to them, this effect

being particularly noticeable for C-fibres. Type II SCT units have

a significantly lower conduction velocity than the remaining types.

Receptive fields of SCT axons are either circular or oval

shaped with the main axis in line with the axis of the limb. They

are continuous and tend to be small in the periphery and large
PrOft r» *fty
rrntrnIJjii Taub ( 1964 ) reported that the sizes of receptive fields

could be reduced by electrical stimulation of the brain stem. But

Wall ( 1967 ) and Fetz ( 1967 ) found the areas of receptive fields in

laminae IV and V unaffected by descending inhibition, and in

Brown's ( 1971 ) study of SCT units, investigated in the spinal and

decerebrate states using reversible cold block of the spinal cord,

only three units out of 41 showed differences in the sizes of

excitatory receptive fields after conversion from one state to the other.

Input from primary afferent fibres to the SCT may either be

excitatory or inhibitory ( Taub, 1964; Brown, Kirk and Martin, 1972 ).

Taub ( 1964 ) could inhibit SCT units by hair movement and supposedly

by cooling. Cold stimulation was effected with an ethyl chloride
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spray, which caused prolonged movement of hair ( Brown and

Franz, 1969 ). Thus the inhibitory effect may also have been

due to stimulation of hair receptors. Brown and Franz ( 1969 )

demonstrated afferent inhibition by hair movement, moderate

pressure and pinch. A striking feature was the distribution of

inhibitory fields. In contrast to cells in the gracile nucleus,

where inhibitory fields are arranged in a surround fashion

( Gordon and Jukes, 1964 ) inhibition of SCT units may be exerted

from fields quite remote from the respective excitatory field .

The functional significance of this type of inhibition remains yet

to be understood.

Receptive fields inducing inhibitory postsynaptic potentials

in SCT cells are frequently adjacent to areas giving excitatory

input. This spatial relationship may serve directional sensitivity

( Hongo, Lundberg and Jankowska, 1968. )



Modes of Processing Input from Cutaneous Primary Afferent
Fibres in the Dorsal Horn.

Segmental inhibition of flexion reflexes was demonstrated by

Sherrington and Sowton ( 1915 ), and Brouwer ( 1933 ) formulated

the concept of descending inhibition acting on sensory input in the

central nervous system. But only with increasing knowledge

about the properties of the synapses between neurones it became

possible, to attach functional models to the phenomena of

excitation, inhibition and facilitation in the central nervous system.

Synaptic properties in general :

After stimulation of peripheral nerves Gasser and Graham ,

( 1933 ) recorded from the cord dorsum an initial short negative

wave ( N-wave ) and a successive long lasting positive wave

( P-wave ). A negative potential of the same time course as the

P-wave was detectable in the dorsal roots (DRP )(Barron and

Matthews, 1938 ). It was suggested that these potentials were the

sign of inhibitory processes in the spinal cord.

Following the introduction of the microelectrode ( Ling and

Gerard, 1949 ) synaptic properties were investigated on a cellular

level, and it became obvious that transmission through synapses

of vertebrates involves release of transmitter substances, which

have either an excitatory or an inhibitory effect on the post-synaptic

membrane. Release of excitatory transmitter substance provoke
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email-excitatory post-synaptic potentials ( EPSP's ) and a number

of EPSP's in temporal or spatial summation trigger off a

propagated action potential. Inhibitory transmitter substances

cause alterations of the post-synaptic membrane permeabilities

opposed to depolarisation, which in vertebrates are usually

accompanied by a small post-synaptic hyperpolarisation ( IPSP ).

Thus IPSPs can be used as indicators for post-synaptic inhibition

( see Eccles, 1964 ). In motor-neurones Frank and Fuortes ( 1957 )

noticed that when a test shock to a peripheral nerve was preceded

by a conditioning shock EPSPs could be reduced by as much as 50%.

Their initial interpretation that this type of inhibition is caused

presynaptically, was substantiated by Eccles; Eccles and Magni

( 1961 ). In motor end plates the amount of transmitter substance

released appears to depend on the spike amplitude in the terminal

of the efferent fibres. This is reduced in the depolarised state

( Liley, 1956 ), and it is believed that presynaptic inhibition is

caused by decreased release of transmitter substance due to a

smaller spike amplitude in presynaptic terminals subject to

depolarisalion ( Eccles, 1964 ).

Negative DRPs are the sign of electrotonically conducted

depolarisation of primary afferent terminals ( PAD ) ( Eccles,

Eccles and Magni, 1961, Barron and Mathews, 1938), and Eccles,

Eccles and Magni (1961 ) found the time courses of negative DRPs

and the suspected presynaptic inhibition to be identical. Furthermore,



the pathways involved in producing presynaptic inhibition were

found to have at least two interneurones.

Evidence for PAD was also provided by Wall ( 1958 ), who

showed that the electrical threshold of primary afferent terminals

was lowered after a conditioning pulse. PAD itself can also be

measured directly by intracellular recordings from primary

afferent terminals ( Eccles, Magni and Willis, 1962 ). Other signs

for PAD are antidromic reflex discharges in dorsal root fibres

( DRR ) and the P-wave ( Schmidt, 1971 ).

A mechanism for facilitation of input from small primary afferent

fibres was proposed by Mendell and Wall ( 1964 ). In response to

isolated electrical stimulation of cutaneous C-fibres these authors

recorded a positive DRP indicating primary afferent hyperpolarisation

( PAH ) and repetitive stimulation of C-fibres caused the wind-up

phenomenon in axons in the DLF ( see above ). PAH after

stimulation of peripheral nerves has also been demonstrated by

Hodge ( 1972 ). Zimmerman ( 1968 ) and Franz and Iggo ( 1968 )

observed negative DRPs after activation of primary afferent

C-fibres, and currently there is some controversy about the issue

of presynaptic facilitation ( Dawson, Merrill and Wall, 1970 ).

Finally facilitation by inhibition of interneurones exerting tonic

inhibition on motor-neurones ( Disinhibition ) could be demonstrated

by Wilson and Burgess ( 1962 a ).
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The functional principles outlined above are of a general

nature. It remains to be seen, how they are incorporated in

the synaptic linkage of cutaneous primary afferent fibres in the

dorsal horn.

Segmental interactions :

A general pattern that has evolved from many recordings from

dorsal horn cells is that cells receiving excitatory input from

cutaneous nerves respond to input either from A and C-fibres or

from A-fibres only [ Mendell and Wall, 1964; Wagman and Price,

1969; Gregor and Zimmermann, 1972 ]. Only very few cells,

located in lamina I, responded exclusively to stimulation of cutaneous

C-fibres [ Christensen and Perl, 197 0 ]. Cells with exclusive

input from C-fibres may be very small and therefore less accessible

for microelectrodes. This leaves still the fact that many pathways

in the central nervous system serve as a common conductor for both

types of input.
in

Postsynaptic inhibition/dorsal horn cells conditioned from

peripheral nerves has been described by Hongo, Jankowska and

Lundberg [ 1966 ] and Price, Hull and Buchwald [ 1972 ], and among

these cells SCT-cells also receive postsynaptic inhibition [ Hongo,

Jankowska and Lundberg, 1968 ]. IPSPs in dorsal horn cells
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are short and certainly not longer than 20 ms. For the SCT

postsynaptic inhibition may be important for the shaping of the

immediate response to activation of fibres projecting to the

system. But the time course of up to 250 ms segmental inhibition

in SCT units [ Brown and Kirk,, 1972 ] cannot be accounted for by

IPSPs recorded in dorsal horn cells hitherto.

Presynaptic inhibition of interneurones excited by cutaneous

input has been reported by Eccles, Kostyuk and Schmidt [ 1962 b ].

Recently this finding could be substantiated in experiments using

natural stimulation. Rapidly and slowly adapting receptors exerted

PAD on themselves, thus providing a specific negative feedback

system [ Janig, Schmidt and Zimmermann, 1968 a, b ]. Furthermore,

PAD for mechanoreceptors in the hindlimb is organised in a surround

fashion [ Schmidt, Senges and Zimmermann, 1967 ; Janig, Schmidt

and Zimmermann, 1968 b ]. PAD in cutaneous fibres could also

be induced by noxious stimulation [ Vyklicky, Rudomin, Zajak

and Burke, 1969 ], the afferent fibres most likely being delta

and C-fibres. This was in good agreement with earlier findings

that activation of C-fibres produces negative DRPs [ Franz and

Iggo, 1968 b , Zimmerman, 1968 ]. Also Janig and Zimmermann

[ 1971 ] evoked PAD after A- and C-fibre stimulation in the same

cutaneous alpha fibres. Mutual suppression of DRPs and identical

electrical fields in the dorsal horn after stimulation of cutaneous



5 6

A- and C-fibres made it very likely that both inhibitory mechanisms

had a final common pathway.

The long time course of segmental inhibition acting on SCT units

can best be accounted for by presynaptic inhibition [ Brown and Kirk,

1972 ]. In general polysynaptic input is more affected than

monosynaptic [ Brown and Kirk, 1972, Eccles, Kostyuk and

Schmidt, 1962 b ]. However inhibitory fields of SCT units are not

of the surround type. Thus the inhibitory pattern deducible from

the distribution of PAD does not appear in the SCT.

The functional significance of presynaptic inhibition has been

explained as a general feedback mechanism for input adjustment

to the central nervous system, which suppresses trivial input and

clears the central mechanism for significant inputs [ Eccles, 1964;

Schmidt, 1971 ]. But the discrepancy of the distribution of PAD

and inhibitory fields apparent on the postsynaptic side suggests that

presynaptic inhibition acts in a more specific way. An assessment

of its effect seems to be possible only on the postsynaptic side.

^^"In their gate theory Melzack and Wall [ 1965 ] proposed that

the spinal " pain " pathway is kept open by facilitation caused by

on-going activity in small afferent fibres. However, the only small

primary afferent fibres showing ongoing activity innervate

thermoreceptors, which do not play a role in the theory, and other



workers [ Zimmermann, 1968; Franz and Iggo, 1968 ] found no

evidence for PAH in primary afferent A-fibres after stimulation

of cutaneous C-fibres.

Descending interactions:

_ //74/i/YSO'7 —

In the spinal state many dorsal horn cells and axons in ascending

tracts respond stronger to excitation of primary afferent fibres than

in the decerebrate state [ Holmquist, Lundberg and Oscarsson, 1960;

Taub, 1964; Wall, 1967; Brown and Franz, 1969 ]. The rate

of spontaneous activity is affected in a similar way [ Brown and

Franz, 1969 ]. Experiments using reversible cold block of the

spinal cord [ Holmquist, Lundberg and Oscarsson, 1960; Wall, 19 67

Brown, 1971 ] allowed a more precise investigation in this phenomenon

of tonic descending inhibition. In SCT units excited only by movement

of tylotrich hairs in the decerebrate state, conversion into the spinal

state released input from all types of hair follicle receptors

[ Brown, 1971 ]. Thus descending inhibition may effect a modality

switch in SCT units. In the inhibited state SCT units could serve

an early alerting function [ Taub, 1964 ], whereas in the uninhibited state

it would be suitable for general transmission of sensory messages.

Similar to segmental inhibition descending inhibition exerts its main

action on polysynaptic input [ Carpenter, Engberg, Funkenstein and

Lundberg, 1963; Brown, Kirk and Martin, 1972 ].

Presynaptic inhibition has been demonstrated by a number of

investigators. DRPs and PAD can be produced by electrical
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stimulation of the brain stem ( Carpenter, Engberg and Lundberg,

1966; Fetz, 1967; Wall, /967; and Hongo, Jankowska and Lundberg,

1972 ), and also the sensory areas SI and SII ( Andersen, Eccles

and Sears, 1964 ). The time course of descending inhibition acting

on dorsal horn cells or SCT cells also can be best explained by

the action of presynaptic inhibition ( Fetz, 196^; Brown, Kirk

and Martin, 1972 ). However, from a few interneurones IPSPs have

been recorded after stimulation of the brain stem ( Lundberg, 1964 ).

Interneurones of pathways producing presynaptic inhibiton are also

subject to descending inhibition. Stimulation of the brain stem

may prevent negative DRPs following stimulation of peripheral

nerves ( Lundberg and Vyklicky, 1966 ). Under the assumption

that tonic and phasic descending inhibition converge on the same

inhibitory pathway, PAH which has been observed after stimulation

of the brainstem ( Lundberg and Vyklicky, 1966; Hongo, Jankowska

and Lundberg, 1972 ), could be explained as disinhibition. The

above assumption appears reasonable. There are no qualitative

differences between the actions on the SCT of different descending

systems running through different parts of the spinal cord, ( Brown,

Kirk and Martin, 1972 ). However, disinhibition evoked by descending

tracts has not been observed in the SCT.
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Many of the known descending tracts are likely to exert

descending control. Inhibitory action has been observed after

stimulation of the corticospinal tract ( Andersen, Eccles and Sears,

1964; Fetz, 1967 ), and descending inhibition after stimulation of the

ventral quadrant of the spinal cord may also have been due to

activation of the pyramidal tract ( Brown, Kirk and Martin, 1972 ).

Stimulation of the nucleus ruber can produce PAD, PAH, and DRPs

( Hongo, Jankowska and Lundberg, 1972 ), which is in good

agreement with descending inhibition after excitation of the DLF

( Brown, Kirk and Martin, 1972 ). Tonie-inhibitiem-after -e-xcitatiori

of the DDF { Brown, Kirk and Martin, 1972 ). Tonic inhibition

of the flexor reflex afferents originates in pontine cells, because

it is abolished after a low pontine section ( Carpenter, Engberg,

Funkenstein and Lundberg, 1963 ). The pathway involved is possibly

the reticulospinal tract. Finally stimulation of the dorsal columns

also produces strong descending inhibition. This is not due to

antidromic activation of primary afferent fibres, because inhibition

is not abolished by a low spinal section of this pathway. As an

inhibitory pathway involved propriospinal fibres have been suggested

by Brown, Kirk and Martin ( 1972 ).

The effect of descending inhibition on input from primary afferent

C-fibres is unknown. Many units with excitatory input from A and

C-fibres, receive descending inhibition on their A-component. It is
not

therefore^lnlikely that the C-component is affected in a similar way.



SECTION II

De-Polarisation and Impulse Conduction

in Primary Afferent Nerve Fibres.

/
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INTRODUCTION

In the past selective block of impulse conduction in larger

primary afferent fibres has been produced either by pressure

on the nerve, cooling or by electrical polarisation. Pressure

block is repeatable only for a limited number of times, it needs

a long time before it is effective and it is probably not a

quantitative method, although this has not been investigated

sufficiently. The method is therefore not suitable for use in

conjunction with unitary recordings from the CNS. Differential

block of all A-fibres with cold is very precise. But this method

limits the conduction capacity to single impulses through the

cooled part. It also requires a cooling device of high precision.

An ideal differential blocking technique should be repeatable, quick

in its onset, should require only simple equipment, should not

impair the capacity to transmit pulse trains and it should be a

precise method. The first three criteria are known to be

fulfilled by the dc-polarisation technique. But no information is

available about the last two points. In order to fill this gap,

single unit recordings combined with dc-polarisation or peripheral

nerves are necessary. This has been done in the experiments

described in the following section.
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METHODS

Recordings were made from fine strands containing a few

identifiable conducting fibres dissected from cutaneous peripheral

nerves. The nerve was subjected to polarisation, and judging

from the response to electrical stimulation distal to the polarising

site, the current necessary for block of impulse conduction in

individual fibres ( blocking current ) was determined.

Preparation : The experiments were performed on 12

anaesthetised adult cats ( weight between 1. 5 and 3. 5 Kg ). The

animals were anaesthetised with pentobarbitone sodium ( 35 mg / Kg

i. p. ). Anaesthesia was maintained by intravenous injections of

10-15 mg pentobarbitone as required. A tracheotomy was

performed, and a Y-shaped glass tube was inserted through which

the animal was allowed to breathe. One jugular vein was also

cannulated. A longitudinal skin incision on the dorsal aspect of

the left hind limb and removal of the posterior part of the biceps

muscle exposed the sciatic nerve and either the sural ( SU ) or

the superficial peroneal ( SP ) nerves. The sciatic nerve was

ligated in its rostral part, thus abolishing reflex muscle

contractions, after electrical stimulation of cutaneous nerves.

One cutaneous nerve ( SU or SP ) was freed from its surrounding

connective tissue in two places for placing stimulating and polarising
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electrodes. The animal was then transferred into a frame.

The hips were fixed with two pins positioned on the ileac crests,

and the foot was attached to a wooden support with plaster of Paris.

The cut edges of the skin were sewn to a lead ring, forming a

pool which was filled with liquid paraffin B. P. Stimulating

electrodes ( bipolar hook electrodes made from chlorided silver

wire ) were placed on the SU nerve over the belly of the

gastrocnemius muscle or on the SP nerve in the ankle region, and

polarising electrodes were attached to the respective nerve about

2 cm further rostral. In order to reduce flow of polarising current

through adjacent tissue a sheet of waxed paper was placed

between the respective nerves and muscles at the polarising sites.

The sciatic nerve was lifted on a small dissection plate. Depending

on the nerve under investigation the respective fascicle of the

sciatic nerve was desheathed, and under microscopical control

small nerve strands were dissected with watchmaker forceps and

knives made from razor blades, ( Chambers and Iggo, 1962 ). The

small strands were placed on bipolar chlorided silver wire electrode

During the experiment the body temperature of the animal was

maintained at 38°C with an electrical blanket thermostatically

controlled with a rectal probe.
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Recordings : The signals recorded from the fine nerve

strands were amplified with a preamplifier ( Tektronix 122 ) and

displayed on a dual time base oscilloscope ( Tektronix 565 ). For

subsequent analysis photographic pictures were taken. Using an
*

enlarger the photographs were projected on millimetre paper.

From the projections the latencies of the nervous responses

were determined and the effect of polarisation could be assessed.

Types of polarising electrodes and current supply : Three types
of electrodes for polarisation of peripheral nerves were used. [ Fig. 1 ]

1. Type 1 electrodes were silver-silver chloride ( Ag-AgCl )

trough electrodes similar to those described by Mendell

and Wall ( 1964 ). Two silver troughs each 8 mm long were

chlorided electrolyti'cally at a slow rate overnight^ ^oth
electrodes were made cathodes and a piece of silver was made

the anode. Saline ( 0. 9 % NaCl ) was the conducting medium.

Prior to attachment to the nerve both troughs were lined with

saline soaked tissue paper ( Kleenex ). The gap between

both troughs was about 2 mm.

2. Type II electrodes consisted of two tapered glass tubes

( diam. 5 mm, internal tip diam. 1-2 mm ), which were

glued together. Both tips were filled with liquid saline agar

(2-4 % agar in 0. 9 % NaCl ), which became a gel at 41 °C.



Fig. 1.

Three types of polarizing electrodes and diagram of circuit used

for polarization. With all polarizing electrodes the pole proxima

to the recording site was made the anode.

Type I: Two silver troughs [length 8mm], chlorided with a low

current over night, were covered with saline soaked tissue paper.

The nerve was placed on the paper.

Type II: Two glass tubes with tapered tips were glued together.

The tips were filled with 0. 8% agar in saline [hatched], and they

provided the contact to the nerve. The remaining spaces [empty]

were filled with saline in which chlorided silver wires were dippe<

Waxed paper insulated the nerve against adjacent tissue.

Type III: The nerve was placed in a perspex trough consisting of

two compartments each of them 5 mm long. The end walls and tb

separating wall had wide incisions, which were filled with petrolei

jelly. The nerve itself was surrounded by saline agar. Type II

electrodes were attached to this arrangement. The current suppl

[bottom right] consisted of a 90 V battery, with a 10 k.Q helical

potentiometer in parallel. One terminal of the potentiometer was

connected directly to the polarizing electrodes, the other over a

resistor and an amperemeter in series.
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Following solidification of the agar the remaining spaces

of the tubes were filled with saline, into which chlorided

silver wire spirals were dipped. These were connected to

the current supply.

Type III electrodes incorporated the Type II electrodes. But with

this type the nerve was placed in a perspex trough consisting of

two compartments, each measuring 5 mm in length. Both

end walls and the partition had incisions, allowing the nerve to

lie nearly on the bottom without being under pressure. Before

the nerve was placed in the trough all three incisions were

filled with petroleum jelly, which the nerve had to traverse.

The small gaps made by positioning the nerve were closed by

manipulation of the jelly with a small glass rod. The thickness

of the petroleum jelly partitions was about 2 mm. Finally

the two chambers were filled with liquid saline agar, and when

this had solidified the Type II electrodes were attached to it.

With all three types of electrodes the pole proximal to the

recording site was made the anode. Polarisation current

was drawn from a 90 V battery, which was connected to the

polarising electrodes through a manually operated 10 kT? potenti¬

ometer and a 27 kQ resistor ( Fig. 1 ). The current was

increased in steps. Each current strength was maintained for



6 5

*

30 s, and it was measured with an amperemeter

connected in series with the nerve.

Stimulation and identification of nerve fibres : For

electrical stimulation isolated stimulators ( Devices T 2533 ) were

used. An electronic time clock ( Devices Digitimer ) provided

trigger pulses for the oscilloscope and for a frequency generator
I

( Devices T 2521 ) which in turn triggered the stimulator.

Stimulation strengths for A-fibres ranged from 150 mV to 2. 5 V,

with 0. 2 ms rectangular stimuli, whereas C-fibres required

stimuli above 5 V and frequently up to 50 V with 0. 5 ms and in

some cases 0. 2 ms stimuli. Identification of fibres was based

on their conduction velocities. At the end of each experiment

a piece of string was held against the peripheral nerve under

investigation taking account of all curves. The length of the

string from the recording to the stimulation site was measured.

From the respective latency the conduction velocity of each individual

fibre was computed. Alpha fibres had condution velocities between

100 and 36 ms, delta fibres between 35 and 9 m£ ( Hunt and

Mclntyre 1960 c ) and C-fibres were required to have conduction

velocities of under 2. 5 myfe ( Gasser, 1960 ). Potentials were

regarded as originating from single fibres when even smallest

alterations of stimulation strength did not result in a split in

two or more components and when they showed an all or nothing

behaviour.
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In a few experiments the influence of polarisation on the

conduction velocity of single fibres and on transmission of

trains of impulses was determined. It was assumed that any

alteration had occurred under the polarising electrodes.

Presentation of results : The ranges of current strengths

needed for block of impulse conduction ( blocking current ) showed

some variation between different experiments and sometimes between

individual strands in one experiment. A method was therefore

required which permitted comparison of results obtained from

different strands and different experiments without using the

numerical value of the blocking currents. The method adopted

was based on the hypothesis of an inverse relationship between

blocking current strengths and conduction velocity. The conduction

velocities of fibres in an individual strand actually blocked and

of the fibres expected to be blocked by a particular blocking current

strength were plotted against each other. In the case of perfect

adequacy of the hypothesis all values should be on the 45 ° line.

This will be explained with an example of a hypothetical strand.

Conduction velocities and blocking currents are given in Table 1 a,

and the conduction values were taken as X-values. In Table 1 b

the largest group of fibres in the strand is listed, which fits

the hypothesis. All fibres belonging to this group were allocated
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their own conduction velocity as Y-value„ They were expected

to be blocked by their respective blocking current. For the

remaining fibres the slowest conducting fibre requiring a

lower blocking current were looked up and their conduction

velocities were taken as Y-values, In our example a fibre

conducting impulses with 30 m/s required a blocking current

which was expected to block a fibre with a conduction velocity

of 40 m/s.

Table 1 a.

C. V. ( m/s ) - X Blocking Current
(u A)

50

40
30

20

10

100

300
200

400
500

Table 1 b.

Blocking Current
(u A)

C.V. of fibre ( m/s ) C. V. of fibre
actually blocked ( X ) ( m/s ) expected

to be blocked. ( Y )

100
200
300
400

500

50

30
40
20

10

50

30
30
20

10



6 8

RESULTS

Results in this section were obtained from 12 cats and a total

of 58 small strands containing 332 active A-fibres and 37 active

C-fibres were examined. . Four experiments were performed

using Type I polarising electrodes ( 110 A-fibres, 7 C-fibres ),

four using Type II electrodes (131 A-fibres, 6 C-fibres ), and

four using Type III electrodes ( 91 A-fibres, 24 C-fibres ).
*

Preferentially strands containing fibres over a large range of

conduction velocities were used. This was desirable, because

the efficacy of the block could be assessed from measurements

from individual strands. Approximately the samples of fibres

tested with each type of polarising electrodes represented a

negatively skewed normal distribution ( Fig. 2 ).
)

Comparison of different types of polarising electrodes.

The ranges of blocking currents for myelinated fibres differed

moderately within and between experiments when the same type

of polarising electrode was used. But they differed to a

major degree when experiments using different electrodes

were compared ( Table 2 ). The highest currents ( over 1 m]$ )

were required with Type II electrodes. Type I electrodes could

usually be operated with currents under 1 m1/?, and Type III

electrodes with currents sometimes under 100 uWand usually



Fig. 2.

Histogram of conduction velocities of A-fibres examined with de¬

polarization block. Different shading indicates the type of

polarizing electrodes used.

cross-hatched area; Type I electrode, hatched area; Type II

electrode, open area: Type IITelectrode.
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TABLE 2

TYPE I TYPE II TYPE III

Exp. Current Range Exp. Current Range Exp. Current Range

M juA M

1" 850- 950 5' 2200-2800 9" 15- 50
340- 450 1500-3500 29- 50
200- 300 1900-2400 20- 63
170- 200 2000-3000 20- 75
250- 600 1900-2400
150- 500

2' 500- 650 6' 400- 900 10' 300-500
450- 800 150- 500 300-600
800-1700 250- 450 300-800

500-1500 300-600
400- 600
300- 400

300- 700

3' 550-1000 71 2000-2400 11' 200-900
750-1200 2200-2500 200-300
350- 800 2100-2500 100-200

950-1350 2000-2300 100-200

1500-2200 100-200
250-500

150-300
150-250

4' 300- 700 8' 1100-1800 12" 80-100
200- 700 1600-1900 50-100
250- 700 1300-1300
250- 750 1000-1800

' = superficial peroneal nerve.
"

= sural nerve.

Current ranges for block of all myelinated fibres in individual strands
of all experiments ( Exp. ) using three types of polarizing electrodes.
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under 500 u$, partly depending on which nerve was under

investigation. After a number of blocking cycles, particularly

with strong currents, residual polarisation and electrolytical

processes were noticeable. When Type I electrodes were used

myelinated fibres sometimes ceased to conduct impulses.

Electrolysis manifested itself as an accumulation of gas bubbles

at the silver-saline junctions. In the case of the Type I

electrodes this happened in close proximity to the nerve, and when

the saline soaked tissue paper was replaced with pH-paper, a

difference in pH between 3 and 9 between the two poles of the

electrodes was observed. Electrolysis and residual polarisation

appeared to be of a lesser degree with Type II and Type III

electrodes. Replacing the saline in the tubes restored the

situation to normal and the nerve was unaffected.

With all three types of electrodes changing the strength of the

polarising current caused transient repetitive firing of nerve fibres.

When using Type I electrodes frequently nerve fibres continued to

fire repetitively during periods of polarisation with unchanging

currents. Only in a few cases this could be accounted for by

accumulation of tissue fluid between the two poles. Repetitive

activity during steady polarisation with Types II and III was

usually caused by shorting, and it was a minor impediment in the

use of these electrodes.
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Selectivity of dc-polarisation block.

a ) Selective block within the myelinated fibre range.

A blocking pattern observed in many strands was that the

fastest myelinated fibre was blocked by the lowest current, the

second fastest by the same or a stronger current and so on. Such

a strand is shown in Fig. 3. But a number of strands exhibited

blocking patterns where impulse conduction in comparatively

slow conducting A-fibres was abolished by weaker currents than

in fibres with a higher conduction velocity. Fig. 4 gives an

example for such a strand. It was composed of six active A-

fibres (Exp. 2, Type III electrodes, C.V. of A-fibres 86, 86,

73, 73, 21, and 18 m/s ). An additional spike, marked with an

arrow, appeared only intermittently and was not made use of.

Under polarisation of 400 uA one delta-fibre had ceased to conduct.

But one fibre conducting with 73 m/s was unaffected by polarisation

at this strength. When the conduction velocities of all A-fibres

examined in one experiment were plotted against their respective

blocking currents, there was in some experiments an invorso-

proportionality between conduction velocity and blocking current

( Fig. 5 ). In other experiments no particular blocking current

could be recognised for A-fibres ( Fig. 6 ). In the latter case

there was the possibility that changes in levels of blocking currents



Fig. 3.

Blocking pattern of a fine strand under polarization containing

four conducting A-fibres and one conducting C-fibre [Conduction

velocities 59, 59, 17, 12 and 1.0 m/s]. Upper traces show A

potentials and lower traces C-potential.

O uA: Both traces start at the same time. The first deflection

in the upper trace consists of two unitary potentials

100 uA: No alteration. In this and the following records the

lower traces are triggered with a delay of 100 ms and the time

■base is twice as fast compared with the first record.

300 uA; One of the two fastest conducting fibres is blocked.

400 uA; Both fast fibres ceased to conduct

500 uA; All A-potentials are abolished. But in the C-fibre the

nervous impulse still passes the polarizing electrodes

O uA; Control record
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FIG. 4

Blocking pattern of a fine strand with the nerve under polarisation

containing 6 conducting A-fibres [ conduction velocities 86, 86,

73, 73, 21 and 18 m/s ].

O uA : Record in the non-polarised state.

400 uA : One delta fibre is blocked when one faster conducting

fibre continues to conduct.

The arrow indicates an inconsistent potential which has not been

used.



 



Fig. 5.

Relationship between blocking current and conduction velocity

in myelinated nerve fibres. Blocking currents of all A-fibres

investigated in one experiment are plotted against their

respective conduction velocities. Small fibres tend to have a

higher blocking current than larger ones.
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Fig. 6.

Relationship between blocking current and conduction velocity in

all myelinated [filled circles] and non-myelinated [open circles]

fibres investigated in one experiment. Blocking currents are

plotted against the respective conduction velocities. In this expe

blocking currents and conduction velocities appear not to be

related to each other for A-fibres. But blocking current values f

C-fibres are still above values for A-fibres.
I
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between examination of individual strands obscured a possible

relationship between the two variables. In order to exclude

this incalculable factor a method was adopted where for each

strand the conduction velocities for fibres actually blocked and

for fibres expected to be blocked by a particular blocking current

strength were plotted against each other. In case of a consistent

its blocking current,, all points in such a graph should lie on the

45° line. In approximation this was found for all experiments

regardless of the type of polarising electrodes used ( Fig. 7a, b, c ),

the correlation and regression coefficients being 0. 71 and 0. 62 ( Type I),

0. 72 and 0. 71 ( Type II ) and 0. 87 and 0. 87 ( Type III ). Using

Fischer's Z-transformation for samples constituting a skewed

normal distribution ( Downie and Heath, 1965 ) a difference

significant at the 5% level was found between the correlation

coefficients for experiments performed with Type III electrodes

and others performed with Type I or Type II electrodes. S'A.
question of considerable practical interest is, whether dc-

polarisation can produce an exclusive conduction block for all

alpha-fibres, leaving only the delta-fibres conducting. This

point was checked by listing all delta-fibres under the criteria of

whether they required a higher, equal or a lower blocking current

than one or more alpha fibres in the same strand ( Table 3 ). Only

43 % of the delta-fibres in-experiments using Type I electrodes

were blocked by higher currents than all alpha-fibres in the

between conduction velocity of a fibre and



Fig. 7.

Selectivity of blocking action of dc-polarization within the range

of A-fibres which can be achieved with three types of polarizing

electrodes. In individual fine nerve strands the conduction

velocities of A-fibres were taken as X-values [Conduction velocity

of fibre expected to be blocked]. The largest number of fibres

within one strand which fulfilled the criterion of an inverse

relationship between conduction velocity and blocking current had

their own conduction velocity allocated as Y-values [conduction

velocity of fibres actually blocked]. For the remainder conductio

velocities of fibres with the lowest conduction velocity requiring a

blocking current closest to the expected value expected under the

above criterion were taken as Y-values. All experiments perforn

with an individual type of polarizing electrode are represented.

The lines in the three diagrams are computed regression lines.

Top: Type I electrode Correlation coefficient r = 0.71. Regress

coefficient R = 0. 62. Middle: Type II r = 0. 72 R = 0. 71.

Bottom: Type III r = 0. 87 R = 0. 87.
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TABLE 3

BLOCKING CURRENT

Pol. Electrode Higher Equal Lower Total

TYPE I
21 5 23 49

43 % 11% 46% 100%

TYPE II
27 13 11 51

53 % 25% 22% 100%

TYPE III
21 5 1 27

77 % 19% 4% 100%

Numbers and percentages of 5 and post 5 -fibres requiring

higher, equal or lower blocking current than one or more

a-fibres in the same strand.



7 2

respective strands, and the figures for Type II and Type III

experiments were 53 % and 77 %. These percentages are

certainly too small because without prolonging the polarisation

procedure unduly, the current could only be increased over a

limited number of steps. Therefore the values listed under the

heading equal could probably be split up into lower and higher

values. But this would still leave a measure of uncertainty,

and it was not possible to define a rule about how much of the

delta-group had to be affected until all alpha-fibres were blocked.

b ) Selective block of all myelinated fibres.

Selectivity of the dc-polarisation block between A and C fibres

was much better than between alpha and delta-fibres. Out of a

total of 34 C - fibres only 3 ceased to conduct under polarisation

with currents necessary for conduction block in all A-fibres in

the respective strands ( Table 4 ). A common situation encountered

can be seen in Fig. 3,. Under polarisation with 400 uA all

potentials in the A-fibre group are abolished, whereas activity

in the C-fibres can still pass the polarisation site. Also,

the pooled results of whole experiments blocking currents for

C-fibres were commonly well above the current strengths necessary

to abolish impulse conduction in A-fibres ( Fig. 6 ). In several



TABLE 4

BLOCKING CURRENT

Pol. Electrode Higher Equal Total

5 0 5
TYPE I

100% 100%

5 1 6

TYPE II
83% 17% 100%

21 2 23
TYPE III

91% 9% 100%

Numbers and percentages of C-fibres requiring

higher or equal blocking current than one or

more A-fibres in the same strand.
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experiments C-fibres maintained impulse conduction under

polarisation currents 50 % higher than what was required for

block of all A-fibres in the respective strands.

Effect of polarisation on conduction velocity of C-fibres.

Under increasing polarisation all C-fibres showed a slight

increase in latency. It is reasonable to assume that this was

due to lowering of the conduction velocity under the polarising

electrodes. Three C-fibres with blocking currents higher than

for all A-fibres in the same strands were subjected to increasing

polarisation until they ceased to conduct impulses ( Fig. 8 ).

All three C-fibres required more than twice as high a blocking

current than A-fibres in the same strands. Reductions of

conduction velocity given in Fig. 8 were computed for the length

of nerve actually under the polarising electrodes. Conduction

velocities of the three fibres dropped to 35 % of their initial

values before the fibres failed to conduct. Unfortunately the

experimental design did not permit determination of the delay

of the onset of this increase of the conduction velocity.



Fig. 8.

Effect of polarization on conduction velocities of C-fibres.

Three C-fibres from different experiments [conduction velocities

1. 30 m/s, 1. 25 m/s, 1. 03 m/s] were subjected to increasing

polarizing currents until they ceased to conduct impulses.

Conduction velocities were computed for the length of nerve

under the polarizing electrodes, and blocking currents are plotted

j
against these values. All three fibres ceased to conduct impulse

when their conduction velocities had been reduced to about 35% of

the initial values.



Conduction velocity, m/s
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Duration of polarisation g.nd impulse conduction in C-fibres.

Most C-fibres maintained the capacity to transmit impulses

after prolonged polarisation. Out of 29 C-fibres examined on

this point 3 were blocked by current strengths necessary for

block of A-fibres in the same strand and further 8 fibres, which

were not subjected to increased currents after block of all A-fibres

were shown to remain conducting for at least 30 s after block of

all A-fibres in the same strand ( in one case for 15 \ min ). The

majority of C-fibres tolerated increases in polarisation current

strengths over A'-fibre blocking currents for minutes without

failing to conduct impulses ( Fig. 9 ). Only a few fibres were

investigated with Type I or Type.II electrodes. However, there was

no obvious difference between different types of polarising electrodes.

Effect of polarisation on transmission of pulse trains through
nerve fibres.

Polarisation causes a decrease of conduction velocity in C-fibres.

It is therefore likely that the transmission of trains of impulses is

also affected. To test this hypothesis eight strands containing

unitary C-fibres were stimulated with tetanic stimuli of various

frequencies under polarisation of increasing current strength.

The duration of the tetani was either 50 or 100 ms. Polarisation



Fig. 9.

Influence of duration of polarization on impulse conduction in

C-fibres. Each bar represents one C-fibre. Parts on the

left hand side„of the vertical line indicate duration of ing-
//» i-ft/Oi o/ //?<<-

polarization necessary for blocking all A-fibres in the respective

strand. Right hand parts indicate subsequent duration of

polarization of the C-fibre. Open bars: polarization was

increased after block of all A-fibres. Striped bars: polarization

was maintained at blocking current of the A-fibre blocked last.

Open ended bars: polarization was terminated before conduction

block of C-fibre. Closed bars: polarization terminated with

block of C-fibre. Indices Type I; II; III; refer to three types of

polarizing electrodes. Arrow: C-fibre was blocked by the same

current as the last A-fibre but earlier.
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was effected with Type III electrodes. In Fig. 10 results are

presented for a strand containing one C-fibre, and two

alpha fibres. Under increasing polarisation the frequency

responses of the A-fibre declined, and under 450 uA they ceased

to conduct. Under 600 uA pulse trains of 100 imp / s could still

travel along the C-fibre and 900 uA the maximal discharge

frequency was 50 imp / s. Except for one, the eight C-fibres

examined showed a similar pattern of transmission of groups of

impulses during polarisation ( Tab. 5 ). Generally pulse trains

with frequencies between 20 and 50 imp / s could still be conducted

during block of all A-fibres in the respective strands. The inability

of fibre No. 2 to transmit more than single impulses might have

been caused by preceding long lasting polarisation of fibre No. 1

(15 1 /2 min ), which belonged to the same strand.

DISCUSSION

In the preceding analysis it has been shown that increasing

dc-polarisation of peripheral nerves causes conduction block

in nerve fibres with decreasing conduction velocity. The

technique was precise enough to produce a selective conduction

block of all A-fibres leaving the bulk of the C-fibres conducting.

Selectivity between alpha and delta fibres was less well defined.

Conduction velocities of C-fibres were slowed down by polarisation.



Fig. 10.

The effect of polarization on transmission of short trains of

impulses. For two A-fibres and one C-fibre [conduction

velocities 43, 45 and 1. 1 m/s] the maximum frequencies of

pulse trains able to pass the polarizing electrodes are plotted

against the respective polarizing currents. The length of the

trains of nerve impulses was 100 ms. Under polarization of
I

450 uA both A-fibres ceased to conduct impulses, whereas in

the C-fibre pulse trains of 50 imp/s could still pass the polarizing

site under a current of 900 uA.
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TABLE 5

No. of
C-Fibre

Blocking
Current

Highest Current for C-fibre
Allowing Transmission of
Pulse Train of X Imp / Sec.

C. V. of Last A-Fibre
in Strand and

Blocking Current

C. V. of Smallest
A-Fibre in

Strand

uA uA Imp / Sec. m / sec. uA m / Sec.

1 1050 900 50 50 450 50

2 n
No transmission of pulse-

trains
16 500 16

3 n 400 50 87 400 9

4 n 400 100 19 200 19

5 n 150 80" 59 100 59

6 n
200 200

21 200 21

400 50% of 100

7 n 250 20 29 100 29

C. V. = Conduction Velocity. " = Strand lost before further investigation.
n = Not Determined.
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In spite of this pulse trains with frequencies between 20 - 50 imps /

could still pass the polarisation site during conduction block of all

A-fibres. A type of polarising electrode, the Type III electrode

has been developed, which allows non-traumatic polarisation of

the nerve.

Three types of polarising electrodes were used. The nerves

under investigation were left in continuity, a condition the electrode;

had to work under in the following experiments. An optimal

dissection of the nerve for positioning the electrodes would have

interfered with the blood supply. Therefore, it had to be placed

close to adjacent tissue, and shorting ensuing in relatively high

blocking currents was a problem with Type I and Type II electrodes.

Electrolysis caused by these currents occurred close to the nerve,

and the accompanying pH changes in case of Type I electrodes must

have damaged it. The traumatic effect of these electrodes

expressed itself also in the limited repeatability of the blocking

procedure and probably also in the frequent occurrence of

repetitive discharge. The main disadvantage of the Type II

electrodes were the high blocking currents, which caused residual

polarisation. Type III electrodes were non-traumatic to the nerve,

they required comparatively low currents for block of impulse

conduction and they provided the largest area of access for the

current to the nerve.



77

•i

The experiments were not designed to investigate the actual

mechanism which causes conduction block by dc-polarisation.

In general hyperpolarisation widens the interval between membrane

potential and the critical threshold potential, so that eventually

an action potential travelling along an individual nerve fibre will no

longer excite adjacent sections. Long lasting dc-polarisation
I

impairs the membrane mechanism which causes transient increases

in sodium conductivity. Thus polarisation in both hyperpolarising

and depolarising directions could be responsible for the conduction

block. The non-commital term dc-polarisation block appears

therefore appropriate for the technique. The polarity with the

anode proximal to the recording site was chosen because originally

the present experiments were designed as a control for an existing

technique ( Mendell and Wall, 1964 ), and also because hyperpolarisation
V

is less likely to produce repetitive firing than depolarisation.

The selective blocking action of dc-polarisation has been explained

on the basis of the different sizes of fibres having different conduction

velocities, ( Kuffler and Gerard, 1947; Mendell and Wall, 1964 ).

Large fibres have faster conduction velocities than smaller ones

( Hursh, 193 9 ). But this rule is only an approximation with a certain

amount of variability, which could explain smaller inconsistencies

from the hypothesis of an- inverse- proportionality between fibre size

and blocking current. The large inconsistencies observed in the
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myelinated fibre range are therefore likely to be caused by

other reasons. The polarisation current strength measured was

an average value for the whole nerve, and initially the nerve was

regarded as a homogenous conductor. The high blocking currents

needed for some A-fibres could be explained best with the assumption

of an inhomogenous current flow through the nerve. This could be
:

caused by blood vessels and connective tissue partitions within the

nerve. Interference from such structures should be minimised

by the use of circular electrodes. In effect Type III electrodes were

such devices, and they produced indeed the highest degree of

selectivity in the myelinated fibre spectrum. Furthermore, peripheral

nerve fibres may not be of the same size over their whole length.

In monkeys Iggo and Ogawa ( 1972 ) found fibres which were

non-myelinated distally and myelinated in their more central course.

Thus the conduction velocities measured over the whole conduction

distance may not correspond with the situation at the blocking site.

There is not a great difference between the axon diameters of the

smallest myelinated fibres and C-fibres. Thus one would expect

another factor to be relevant to the differential conduction block

possible between the two types of fibres. Current flowing through

myelinated fibres probably enters and leaves these fibres at the nodes

of Ranvier, and it is only these small proportions of the fibre surface
4

which have to be inactivated for conduction block. C-fibres do not
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have a myelin sheath. The current flow through the membrane

may be distributed more evenly, and a stronger over all polarisation

may be needed for failure of impulse conduction. This

explanation includes the assumption that Schwann cells surrounding

the C-fibres or their mesaxa are good electrical conductors.

Unfortunately little is known about the conductivity of Schwann

cells and their invaginations.

Zimmermann ( 1968 ) found that prolonged polarisation of

peripheral nerves results in a decrease of selectivity of the

dc-polarisation block. This finding could not be substantiated

in the present experiments. Zimmermann ( 1968 ) defined

a selectivity coefficient which was the ratio between the initial

height of the compound C-potential recorded from a whole nerve

to the height of the potential after a certain duration of polarisation.

The decrease in amplitude of the compound action potential could

also have been caused by a slowing of impulse conduction. The

results presented in this section show that this is the case indeed.

In general there are two conditions, which could account for a

decreased conduction velocity during polarisation.

The amplitude of the action potential could be diminished or

the generation of the action potential itself could last longer. The

first condition is most likely to be fulfilled under the polarising

cathode. Cathodal polarisation narrows the gap between the membrane
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potential and the sodium equilibrium potential.

The second condition could occur under both electrodes.

Anodal as well as cathodal polarisation increases the gap between
j

membrane potential and threshold, the reason being inactivation

of the sodium carrier system.

The lowered capacity to transmit trains of impulses during

polarisation can only be due to a prolongation of the refractory

period in individual nerve fibres, and the same mechanisms

responsible for prolongation of the action potential are likely to be

involved.

In the present experiments it has been shown that a selective

conduction block of A-fibres leaving only the C-fibres conducting

can be achieved with the dc-polarisation method. The problem

that remains is how may complete block of A-fibres with

concomitant conduction in C-fibres be detected in a convenient

way. Out of a total of 34 C-fibres examined none required a

higher blocking current than all A-fibres in the respective strands

and only three were blocked by currents necessary for conduction

block in A-fibres. Therefore, in the following experiments compound

action potential recordings were used to assess block of A-fibres,

and a pure C-volley was produced by increasing the polarisation

current until the C-compound action potential showed first signs of

deformation.



SECTION III

Projections of Cutaneous C-fibres to Spino-cervical Tract-units.
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INTRODUCTION

The SCT is a postsynaptic ascending cutaneous pathway.

SCT fibres can be identified unambiguously and its fibres are

accessible to microelectrode recordings. It is known that many

fibres in the DLF receive excitatory input from cutaneous

C-fibres, and this has also been shown for a few SCT-fibres.
I

The SCT appears therefore to be suitable for an investigation of

the mode of synaptic processing of input from cutaneous C-fibres

into the CNS.

Excitation of dorsal horn cells from cutaneous C-fibres can

be suppressed by anaesthetics ( Wall, 1967 ). SCT units are also

subject to tonic descending inhibition from supraspinal parts

of the CNS. In order to avoid these adverse influences
made spinal

decerebrate preparations/have been used in the experiments of

fliis section.

METHODS

Results presented in this section were obtained from 11

experiments using decerebrate spinal cats ( weight 2.2- 3.4 Kg ].

Recordings were made from SCT fibres after electrical stimulation

of cutaneous nerves with A and A+ C strength, and also after

adequate stimulation of the receptive fields. Initial surgery,
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( Tracheotomy, canrmlation of one carotid artery and one internal

jugular vein) was performed under Halothane anaesthesia. After

mid-collicular decerebration and spinal section at the animals

were ventilated with a pump and the anaesthetic was discontinued.

Preparations used were required to have a minimal mean blood

pressure of 80 mm / Ilg. The animals were than immobilised
PI

with gallamine triethiodide ( Flaxedil ) and laminectomies

performed exposing the spinal cord from to and from to

C„. Subsequently the superficial peroneal ( SP ), the sural ( SU )
O

and the medial plantar ( MP ) nerves were dissected for placing

stimulation electrodes. A site rostral to the stimulating electrodes

was also prepared for attaching dc-polarisation electrodes

( Types II and III ) and for electrodes to record a compound

action potential. The animals were than transferred to a spinal

frame. They were fixed rigidly with two spinal clamps, hip pins,

and a head-holder. The left hind limb was fixed to a wooden

support with plaster of Paris. The dura mater was opened over

the exposed parts of the spinal cord and three pools made from skin

formed over the spinal cord and over the exposed peripheral nerve.

The pools made from skin were filled with liquid paraffin ( B. P. ).

Stimulating electrodes ( chlorided silver hook electrodes ) were

placed on the nerves, and silver ball electrodes were placed on

_ J
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the ipsilateral DLF at C1 and C for identification of SCT units.X «j

Stimulating the peripheral nerves with A-strength the optimal

point for recording the cord dorsum potential through a unifocal

silver ball electrode was found, and the electrical threshold for

the peripheral nerves was determined. Recordings from SCT

axons were made with tungsten microelectrodes made by the

method of Hubel ( 1957 ). During an experiment the micro-

electrode was advanced into the ipsilateral DFL between L^ and

S^, using an electronically controlled microelectrode drive system.
Simultaneously electrical stimuli were given to the ipsilateral

DLF at Cg. When a unitary action potential was recorded in
response to this stimulus, the respective fibre was tested to

ascertain whether it belonged to the SCT. In addition to the

response to stimulation at C^ the unit had either not to be excited
by a stimulus given at C^, or the conduction velocity between
C1 and C had to slow down by at least 33 %. When a unit

X Ci

fulfilled one of these criteria, attempts were made to excite it

by electrical stimulation of either of the nerves on electrodes, and

stimuli of A as well as C-strengths were employed. For the

nerve on polarising electrodes C-strength could be determined

by increasing the stimulus strength until a C-component appeared

in the compound potential record. For the other nerves 50 times
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threshold for A-fibres with stimulus durations of either 0. 2 or 0. 5 ms

was regarded as C-strength. An additional guide was the response

of the SCT unit itself. When the nerve on polarising electrodes

provided the main input for the SCT unit, the response to C-strengths

stimulus was recorded with the myelinated fibres in the conducting

and the blocked states. Following electrical stimulation the

receptive field was determined in response to gross hair movement

with an artists brush and to pressure applied to the skin with

a spring loaded toothed clip. The receptive field was drawn on a

sketch of a cat's hind limb. The recordings together with comments

were stored on tape ( Ampex PR 500 FM Tape Recorder ) for

subsequent analysis. At the end of each experiment conduction

distances from the peripheral stimulation site to the spinal cord

and from the two cervical stimulation electrodes to the micro-

electrode were measured. In conjunction with the stimulus

response latencies conduction velocities between the two cervical

stimulation electrodes, and between C0 and the recording micro-

electrode were computed. This made it possible to check

precisely, whether a unit belonged to the SCT. Using the peripheral

conduction distance the minimal latency for input from cutaneous

C-fibres was computed. 2. 5 m/s was taken as the maximal conduction

velocity. In some units the respective receptive fields were
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subjected to radiant heat. A heating bulb was positioned about

10 cm above the appropriate area of skin. The skin temperature

was measured with a mercury thermometer.

RESULTS <

A total of 72 SCT units were investigated in relation to the

type of cutaneous nerve fibres providing the excitatory input and

in relation to excitability to mechanical or heat stimuli applied

to the receptive field.

Response patterns of SCT units to cutaneous A and C-fibre input.

52 SCT fibres excitable from one of the nerves on electrodes

were tested for responsiveness to A and A+C fibre stimulation of

the respective peripheral nerves. 15 fibres ( 29 % ) could only

be excited by stimulation of A-fibres. 37 ( 71 % ) showed an

additional response to stimuli of C-strength. No unit was found

which responded to C-fibre stimulation alone. There was no

obvious difference between the conduction velocities of the two

types of SCT-units, ( Fig. 11 ). One unit in each group had a

conduction velocity under 24 m / s. All units were spontaneously

active at various rates. Responses to A-fibre stimulation depended

on the stimulus strength, and exceptionally, after stimulation with

C-strength, the A-discharge lasted long enough to merge with a



Fig. 11.

Histograms of conduction velocities of units in the SCT in

response to electrical stimulation of cutaneous A-fibres

alone [SCT-A, hatched areas, middle] or to electrical

stimulation of cutaneous A as well as C-fibres [SCT-A + C,

open areas, top]. The percentages of both types of units

from the whole sample are 71% and 29%.

Bottom: . combined display.
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subsequent C-response [ 8 units ]. Two types of discharges

after A+C fibre stimulation were observed. The C-response

consisted either of a short burst lasting for 50 to 100 ms

[ Fig. 24, Section IV [ 1^ units ], or it was a long drawn out

discharge lasting for 130 - 800 ms [ Fig. 18 Section TV, 10 units ].

Frequently the discharge rate was higher than 100 imp / s over

a period of 100 - 200 ms.

In twelve fibres where the main excitatory nerve was identical

with the nerve having polarising electrodes attached, C-responses

from the nerve in the unblocked and the blocked state were compared

with each other. In two units prolongation of the C-response was

observed when the peripheral nerve was polarised, [ Fig. 24, 25 ] and

in no case was a C-response completely inhibited by a preceding

A-response [ Fig. 12 ]. In all the remaining units differential block

of A-fibres did not produce any alteration in the discharge evoked from

cutaneous C-fibres.

Response patterns to mechanical stimuli.

For 60 SCT units receptive fields for gross movement of hairs and

responsiveness to pressure stimuli were examined [ Fig. 13 ].

All 60 fibres responded well with a rapidly adapting discharge to

hair movement and in 18 fibres [ 30 % ] this was the only response

elicitable with the mechanical stimuli employed [ Hair only units ].



Pig. 12.

Response of a hair only unit in the SCT to electrical excitation

of cutaneous A, A + C and C-fibres alone.

Top traces: compound action potentials recorded from the

superficial peroneal nerve [SP]. Due to high amplification the

initial portion of the A-compound potential was off the screen of

the oscilloscope.

Middle and bottom traces: Microelectrode recordings from SCT-

fibre on fast and slow time base.

a] electrical stimulation of A-fibres alone [SP A],

b] electrical stimulation c£ cutaneous A and C-fibres [SP A + C].

c] as b but A-fubres blocked by dc-polarization [SP C].

Neither with nor without dc-polarization block was it possible to

produce a C-evoked discharge in this SCT-fibre. The unit shows

some inconsistent resting discharge.

\
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Fig. 13.

Histograms of conduction velocities of SCT-units responding

to hair movement only [hatched areas middle], or to hair

movement and pressure to the skin [open area, top]. The

former units provided 30% and the latter 70% of the total sample.

Bottom: combined display.
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42 units ( 70 % showed an additional response to pressure

stimulation ( HP - units ). No difference in the distribution of

conduction velocities was observed between hair only and

HP-units. Except for one unit in each group hair only as

well as HP units had conduction velocities between 18 and 98 m/s,

covering the whole range of conduction velocities.

In 42 SCT units responsiveness to mechanical stimulation

of the receptive field as well as to electrical stimulation of A and C-

fibres in the main excitatory nerves were examined. They were

therefore all part of the sample dealt, with under the previous

sub-heading. Two HP-units, which responded to activation of

primary afferent A-fibres alone, hsd receptive fields on the

anterior part of the metatarsus. Only fibres innervating marginal

areas could have travelled through the stimulated peripheral nerves.

These units have been regarded as not properly tested and were

excluded from the original sample of 42 SCT fibres. They do not

appear in Fig. 14. In the remaining 40 units at least a large proportion

of the receptive fields coincided with the skin areas innervated by one

of the peripheral nerves on stimulating electrodes. 11 of the 40

fibres ( 28 % ) belonged to the hair only type. None of them waj'

excited from primary afferent C-fibres. 29 fibres ( 72 % ) were HP

units and all were excited from primary afferent A as well as C-fibres.



Fig. 14.

Histograms of conduction velocities of fibres in the SCT in

response to hair movement, cutaneous pressure and electrical

stimulation of cutaneous A and C-fibres.

Top: Units excitable by all four types of stimulation 72%,

Hair pressure A + C].

Middle: Units excitable by hair movement and electrical stimulatic

of cutaneous A-fibres alone [28%, Hair only A],

Bottom: combined display.

No other pattern of excitability was found.

V
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Responses of hair only units to heat stimulation.

In two hair only units an area of skin including the receptive

field was radiated with a heating bulb. A mercury thermometer

held on the skin recorded a temperature of 57°C after 10 min.

of radiation. Both units showed a marked increase in their

rate of discharge after several minutes of heating. The

receptive field of the second hair only unit was heated for 8 minutes.
i

The rate of discharge at room temperature was 20 imp /s. After

6 min. it had increased to 38 imp / s, and after 8 min the mean

discharge rate was 66 imp / s.f Fig. 15 ].

DISCUSSION

In this section it has been shown that two thirds of all SCT

units receive excitatory input not only from cutaneous A-fibres., but

also from primary afferent C-fibres. The remainder respond only

to stimulation of cutaneous A-fibres. No unit excited exclusively

from cutaneous C-fibres was found. In all units excitable from

cutaneous A and C-fibres responses could also be evoked by

hair movement and by pressure applied to the skin. Units with

excitatory input from A-fibres alone lacked the pressure component.

Two of the hair only units had their receptive fields heated up and

they responded with an increased rate of discharge at temperatures

over 45°C.



Fig. 15.

Response of a SCT hair only unit to radiant heat on the receptive

field. A heating bulb was placed about 10 cm over the area of

skin forming the receptive field. After 10 min of radiation a

mercury thermometer held closely to the skin recorded a

temperature of 57°C. After 6 min the basic rate of firing of about

20 imp/s went up to 38 imp/s. After 8 min the average rate of

discharge was 66 imp/s.

Care was taken not to heat nerves where they were exposed.
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Brown and Franz ( 1S69 ) and Brown ( 1971 ) classified

SCT-units according to their responsiveness to controlled

mechanical stimulation of the skin. Four types of units coixld

be discriminated in the decerebrate state, each of them excitable

from an increased number of mechanoreceptors in the spinal state

( see Section I ). In spinal cats Type I units could be excited by

movement of all three types of hairs, but no pressure response

could be elicited, whereas all remaining types of SCT units did

increase their rate of discharge after pressure applied to the

receptive fields. In the present experiments it could be

demonstrated thatatL hair only units receive excitatory input from

cutaneous A-fibres abne. The same must therefore hold for Type I

units.' It can be clearly stated that Type I units are not excited

by activation of hair receptors innervated by C-fibres. The only

known receptors, which could have produced the responses in

Type I units after mechanical stimulation are the rapidly adapting

receptors at the hair bases innervated by myelinated fibres

( Brown and Iggo, 1967; Burgess, Petit and Warren, 1968 ).

Activity reaching the lateral cervical nucleus after hair

movement always has a short latency, and these units could

subserve an early alerting function as suggested by Taub, ( 1964 ).



9 0

Two hair only units were subjected to high skin temperatures.

They responded with an increased discharge. This was in agreement

with the earlier finding of Brown and Franz ( 1969 ) that all SCT-

units respond to heat stimulation. In the same investigation

primary afferent A-fibres including fibres innervating hair

receptors were not found to increase their discharge frequency

during stimulation with high temperatures, and it was concluded

that this heat response was possibly due to afferent activity in

C-fibres. The absence of primary afferent C-fibres projecting

to Type I units precludes this explanation for these units. It is

more likely that the heat response was caused by activation of heat recep¬

tors innervated by myelinated, probably delta, fibres which had been

missed.

No SCT unit responding to pressure but not to hair movement

was found. All the SCT fibres with A and C-responses were

therefore Type II or Type III units of Brown ( 1971 ). Only two units

of the whole sample had conduction velocities under 24 m / s and were

thus candidates for Type II units. One of them had no pressure

response. In spite of its low conduction velocity it belonged

probably to the Type I group. Apart from its low conduction velocity

the other unit did not exhibit any difference in its C-response from the

remaining HP-units, which probably belonged to the Type III group.
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All HP-units received excitatory input from cutaneous A as

well as C-fibres. Thus the pressure response was always linked

with a C-response. But it was not clear, whether this finding

was merely a coincidence , or whether mechanoreceptors with

afferent C-fibres were actually involved in producing the pressure

response. Conclusively this question can only be solved by

experiments combining adequate stimulation with conduction block

of primary afferent A-fibres. This has not been done. After

initial adaptation the pressure response can be maintained up to an

hour ( Brown, 1968 ). It must therefore originate in slowly

adapting high threshold mechanoreceptors. Presently two classes

of receptors of this type are known, mechanoreceptors innervated

by C-fibres ( Iggo, 195 9 ) and insensitive mechanoreceptors

innervated by delta-fibres ( Burgess and Perl, 1967 ). The

coincidence of pressure responses and excitation from C-fibres makes

it likely that receptors innervated by C-fibres play a role. However

insensitive mechanoreceptors must also contribute. Pressure

stimulation may inhibit SCT units ( Brown and Franz, 1969 ),

whereas electrical stimulation of cutaneous C-fibres does not

( Section IV ).



/
/

/

SECTION IV

Descending and Segmental Inhibition Acting on

Responses in SCT-Units Evoked by Electrical
Stimulation of Cutaneous A and C-Fibres.
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INTRODUCTION

Discharges in SCT-units evoked by stimulation of cutaneous

A-fibres are known to be subject to strong descending and

segmental inhibition. In the previous section it has been

established that apart from excitation from primary afferent

A-fibres many SCT-fibres also receive excitatory input from

cutaneous C-fibres. However, little is known about the

synaptic processing of this component of its input. The following

experiments were performed in order to examine descending and

segmental interaction affecting cutaneous C-fibre input into the

SCT. Also attempts were made to establish the role of cutaneous

C-fibres as ' giving ' fibres in segmental interactions.

METHODS

The basic experimental procedure was the same as in the previous

section. However, for conditioning responses in SCT units with

activity in non-excitatory nerves or in descending pathways some

additional surgery was necessary. . Laminectomies had to be

extendedto Cr over the cervical cord and to Th,_ in the lumbar area,
o Id

In the contralateral leg the sural and the medial plantar nerves

were put on bipolar stimulating electrodes. Bipolar stimulating

electrodes for stimulation were also placed on the contralateral

dorsal columns at the level of C.. Antidromic activation of
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primary afferent fibres was avoided by section of the dorsal

columns at Th^. The effect of descending impulses on
evoked activity in the SCT was also examined for either the

contralateral DLF or the ipsilateral ventral . quadrant [ VQ ]

of the spinal cord. In the first case bipolar stimulating

electrodes were positioned on the contralateral DLF at C
I

and in the latter case a low resistance tungsten microelectrode

(5 - lOKS? ) was lowered through the midline at the same

level. At the end of an experiment a 20 mA current was passed

through the electrode and the lesion was looked up in frozen

sections of the cervical spinal cord. These electrodes were

prepared in the same way as the recording electrodes. Once

a unit had been identified as belonging to the SCT ( see Section III )

descending and segmental inhibition acting on A-responses was

looked for. Preceding the stimulus to the excitatory nerve by

40 ms either a single stimulus of A-strength was given to a

non-excitatory nerve or a tetanic stimulus lasting 20 ms or in a

few instances longer was given to one of the above descending

pathways. Following this the effect of the same segmental and

descending conditioning volleys on C-fibre input was examined.

The frequencies of these tetani was usually between 100 and 200 Hz,



9 4

Conditioning - testing intervals were between 100 and 600 ms,

depending on the length of the evoked discharges in SCT-units.

The effect of cutaneous C-fibre input on excitation from

A-fibres was also examined.,, Conditioning - testing intervals were

between 100 and 500 ms. In several units conditioning was done

with A+C as well as with pure C-volleys. Finally a few units
|

excitable from cutaneous C-fibres were subjected to repetitive

input from these fibres, the repetition rate being once every second.

Presentation of results : A raster display similar to the one

used by Mendell and Wall ( 1964 ) was designed for display of long

drawn out high frequency discharges in SCT units after stimulation

of cutaneous C-fibres. Individual responses were displayed in a

number of successive vertical traces of 200 or 250 ms duration,

each spike producing a spot of increased brightness ( Fig. 16d).

The trigger pulse recorded on tape was reshaped to a square wave.

It was then used to trigger an electronic time clock with trigger

and gate facilities ( Devices Digitimer ). An outgoing trigger pulse

triggered the oscilloscope ( Tektronix 5 65 ). and a gate impulse of

suitable length activated a frequency generator ( Frequency 1000 Hz ).

A pulse train from the frequency generator triggered a ramp

generator producing evenly increasing voltages over 200 or 250 ms.

Once it had reached the maximum voltage it returned to zero

instantaneously, and over the duration of the gate pulse it started



Fig. 16.

Raster display of long trains of impulses. Fig. a shows an

artificial pulse train of 200R.Z lasting from 100 to 400 ms

after the trigger pulse. In Fig. b identical trains are displayed

as rasters. For each of the four records two successive saw¬

tooth voltages were given in one of the vertical amplifyers of the

oscilloscope, each lasting 250 ms. The signal itself was fed into

the brightness control. The horizontal time base was very slow.

Fig. c gives an indication of the flyback time between the two saw¬

tooth pulses. Fig. d is a block diagram of the circuit used. A

trigger pulse stored on tape was reshaped in order to trigger an

electronic timing device with gate facilities. The length of the

gate pulse determined the duration of the raster record. The gate

controlled a frequency generator producing electrical impulses at

1000Hz. This was used as a trigger for a voltage ramp generator.

Thus there was always a new trigger at the end of each ramp as

long as the gate was open. The voltage ramps operated one vertic.

amplifyer of the oscilloscope. The signal itself was standardized

in a Schmitt trigger and subsequently led into the brightness contro

of the oscilloscope, which was triggered from the electronic timing

device.
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to build up another voltage ramp. The voltage ramps were fed

into one vertical amplifier of the oscilloscope, serving as a

vertical time-base. The horizontal time base was on a very

slow rate. The spikes to be displayed were fed into a

Schmitt-trigger and care was taken that the trigger level was

well above the noise level but low enough not to miss out spikes.

The output was connected to the brightness control. Fig. 16 a

shows an artificial pulse train of 200 Hz lasting from 100 to 400 ms after

the trigger pulse. In Fig. IGbthe same train is displayed as a

raster. The duration of the voltage ramp was 250 ms. Fig. 16 c gives

an enlargement of the fly-back time. It was less than one ms.

RESULTS

The findings in Section IV are based on six experiments all of

them contributing also to Section III. A total of 43 units was

examined consisting of 21 units receiving excitatory input from

cutaneous A and C fibres and 8 units being excited from A-fibres

only. Of the remainder 8 units were hair pressure and 5 hair

only units. One unit was not examined for either of these criteria.

In 29 SCT units ( Table 6 ) cutaneous A-fibre input was conditioned

with non-excitatory input from cutaneous A-fibres, in 15 units

with non-excitatory A+C input, and in 6 units C-responses were

conditioned with A-volleys in non-excitatory nerves. In 33 units



Table 6

Sample of SCT-units tested for descending [DESC] and segmental

[SEGM] inhibition. Symbols in the left hand column: types of

units in the SCT investigated, Hair only: units responding to

movement of hair and not to pressure applied to the receptive field.

HP: units responding to hair movement and pressure to the skin.

A; units with a response to electrical stimulation of cutaneous A-

fibres but not excitable from cutaneous C-fibres. A + C: units

responding to electrical stimulation of cutaneous A as well as C-

fibres.

Symbols in the top line. Symbols on left sides of arrows indicate
w//*y

origin of electrical activity for conditioning and on right sides origi
of response in SCT-neurone to be conditioned. The letters A and (

stand for discharges in the SCT evoked by electrical stimulation of

A or C-fibres.



TABLE 6

TYPE

OF UNIT

NUMBERS SEGM
A—A+C

DESC—A+C SEGM
A—A

SEGM
A+C—A

DESC—A

HAIR

ONLY

5

A + not
tested

8 + 1

29 15 33

HP 8

6 17

A + C 21

TOTAL 43

Samples of SCT units tested with conditioning volleys in non-excitatory cutaneous nerves [Segm] or in
descending pathways [Desc]. Symbols on left sides of arrows indicate origin of conditioning volley,
and on right sides input to be conditioned.
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the effect of activity in descending tracts on excitation from

cutaneous A-fibres and in 17 units on excitation from cutaneous

A+C fibres were investigated. Finally in 12 units differences

between the effects of A+C input and pure C-fibre input was

looked at.

Conditioning of discharges in SCT-units with activity in cutaneous

A-fibres

In 27 out of 29 SCT units inhibition of different degrees was

observed when A-responses were preceded by A-fibre stimulation

in a non-excitatory skin nerve by 40 ms . The amount of

inhibition depended largely on which particular nerve was used for

conditioning,, and in many units .stimulation of contralateral skin

nerves was most effective. Sometimes the whole response was

inhibited. But commonly only later parts of the spike trains were

abolished. Segmental inhibition of a representative unit is shown

in Fig. 17. Spikes with central latencies of up to 8 ms

were not affected by the conditioning volley, whereas the second

presumably polysynaptic half of the response was strongly

suppressed.

Conditioning of C-responses with A.-volleys from non-excitatory

nerves also produced very effective inhibition in 5 out of 6 units

tested. Fig. 18 was taken from such a unit. On the top trace



Fig. 17.

Segmental inhibition of an A-evoked response in a SCT-unit.

Top trace: cord dorsum potential after stimulation of the

ipsilateral superficial peroneal nerve.

a] Corresponding A-evoked response in SCT-unit

b] An additional conditioning stimulus of A-strength [arrow]

was given to the non-excitatory ipsilateral sural ner've.

Conditioning-testing interval 40ms. The first four spikes with

a central latency of not more than 8 ms were not affected,

whereas the remainder of the response was strongly inhibited.
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FIG. 18.

Segmental inhibition of a discharge in an SCT neurone produced

by peripheral C fibres. The upper two traces, recorded at the

faster time base, show a representative sample of the compound

action potential recorded in the superficial peroneal nerve [ most

of the A potential is off the record due to the high amplification ]

and the corresponding response in an SCT neurone to the A fibre

input: The C evoked discharge in this unit was a long train of

impulses which is shown in the lower 3 traces, recorded at the

slower time base. The C response starts about 80 msec after

the beginning of the traces. The two traces marked Con are contro

records taken before and after a conditioned response, where the

conditioning stimulus was a shock to the contralateral medical

plantar nerve [ XMP ] given 400 msec after the testing shock and

marked by the arrow. The conditioning produced complete inhibitio

of the C evoked discharge for a period of about 80 msec.
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there is a recording of a compound action potential from the

superficial peroneal nerve. The second trace shows the

A-discharge of the SCT unit. The following three traces are

C-discharges starting from 80 ms later than the two top traces.

The third and the fifth's timce are control records. In the fourth

trace a single stimulus with A-strength was given to the contra¬

lateral MP-nerve with a delay of 400 ms. Over a period of 80 ms

there was complete inhibition. In Fig. 19 ( arrangement of traces

identical with Fig. 18) impulse conduction was blocked in A-fibres of

the SP-nerve. No difference was noticeable in the inhibitory effect

of the conditioning volley from the contralateral nerve. In some

units responding only with a short burst to cutaneous C-fibre

stimulation a more precise determination of the inhibitory time course

was done. The C-response of the SCT-fibre investigated in Fig. 20 a

had a latency of 260 ms and lasted for 50 ms. When the conditioning

stimulus with A-strength preceded the C-response by 160 ms inhibition

amounted to 50 %, and with a conditioning -testing interval of 100 ms

it was 100 %. A. longer conditioning - testing interval was not chcsen

in any unit, However it is unlikely that the inhibition ended

abruptly after 160 ms, and a time course of at least 180 ms seems

likely.



FIG. 19

Segmental inhibition of a discharge in an SCT neurone produced

by peripheral C fibres after block of conduction in the A fibres.

This set of records is similar to that of Fig. 18 except that the

A fibres of the superficial peroneal nerve had been blocked.

The first set of waves in the upper trace is the stimulus artefact

which was large and of complex shape in this experiment. In

order to make sure that all A fibres were blocked the blocking

current was raised to a level sufficient to affect a large proportion

of the C fibres as can be seen by the reduction in size and

dispersion of the C potential. There was no response of the

SCT unit to A fibre input as shown in the second trace. Comparison

of the control responses to C fibre input [ Con ] with the response

conditioned by a shock to the A fibres of the contralateral medial

plantar nerve [ XMP ] shows that the conditioning produced complete

cessation of firing for a period of about 80 msec after the

conditioning shock [ marked by the arrow }.
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Fig. 20.

Time course of inhibition of C-evoked response following

conditioning with a non-excitatory A-volley, and absence

of effects from contralateral C-fibres on A-response in the

SCT.

a] The mean number of spikes of a response of a SCT-fibre

following stimulation of the ipsilateral sural [SU] nerve with

C-strength is plotted against the delay of a conditioning

stimulus with A-strength given to the contralateral sural [XSU]

nerve [filled circles]. Open circles are control values of the

C-response alone. Peripheral conduction time of the C-volley

was about 200ms. When the conditioning stimulus preceded

the arrival of the C-volley at the spinal cord by 100ms or 40ms

inhibition amounted to 50% or 100% respectively.
an

b] The number of impulses in/feCT-neurone evoked by the ipsi¬

lateral superficial per^onhl [SP] nerve is plotted against the

conditioning-testing interval when the conditioning stimulus was

a shock of C-strength given to the contralateral medial plantar

[XMP] nerve. At conditioning-testing intervals of less than 100

ms there is inhibition of the SCT discharge due to action of contra¬

lateral A-fibres. Input from non-myelinated fibres does not

inhibit transmission through the SCT. The open circles are contro

values.
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In 12 units C-responses in SCT neurones were compared with

the myelinated fibres in excitatory cutaneous nerves either

conducting or blocked. For only two units the inhibitory A-fibres

and excitatory C-fibres travelled in the same skin nerve. One of

these units is shown in Fig. 24. After stimulation of the SU-

nerve with C-strength [ Fig. 24 control ] a C-response with a

latency of 170 ms consisting of four spikes was observed.

Conduction block of all A-fibres produced a prolongation of the

C-response [ Fig. 25 control ].

Conditioning of evoked discharges in the SCT with activity in

cutaneous C-fibres.

Conditioning volleys in cutaneous C-fibres were without effect

on responses of SCT - units after A-fibre stimulation. In none of

15 units examined was the A-response consistently altered by a

preceding A+C or pure C-volley in a non-excitatory nerve, the

conditioning-testing intervals being between 100 and 400 ms.

Strong segmental inhibition of A-responses could be observed in

14 out of these 15 units, when activity in A-fibres was used

for conditioning. Thus it is unlikely that unsuitable nerves were

used with all 15 units. Fig. 20 b shows the number of spikes in an

A-response after a conditioning stimulus with A+C strength at various

conditioning-testing intervals. At an interval of 100 ms the

A-response still fell in the phase of decreasing segmental inhibition

after stimulation of A-fibres. It was therefore reduced. Using
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longer conditioning-testing intervals of up to 350 ms, no consistent

alteration of the A-response could be observed.

In two SCT -units facilitation was looked for after repetitive

stimulation of excitatory nerves with C-strength. A+C as well

as pure C-volleys were used. Stimuli were given at a rate of

1/s [ Fig. 21 ]. C-responses had to be evoked against a

background discharge of considerable variability. Consequently

there were some variations between individual C-responses

regardless of the repetition rate of stimulation. But in neither

unit was a progressive prolongation of each successive C-response

observed.

Interaction of A-responses in SCT fibres with electrical activity

in descending tracts.

Inhibition of A-responses in SCT units following a conditioning
r c '7 V/'#r

tetanus in either th e ips-ilateral DC or VQ or the contralateral DLF

resembled the inhibitory pattern of segmental inhibition [ Figs. 22 a

Again later parts of the A-responses received stronger inhibition.

Inhibition varying between total abolition of the A-response and a

just noticeable reduction were seen in 25 [ 86 % ] out of 29 units

conditioned with tetani in the DC. Corresponding numbers

for the DLF1 were 13 [ 68 % ] out of 19 units. In general tetani

in the VQ exerted weaker inhibition on A-responses. In none



FIG. 21

Absence of wLnd-up phenomenon in an SCT -neurone during

repetitive stimulation of cutaneous C-fibres. This figure is

a raster display of eleven C-responses in an SCT-neurone

during repetitive stimulation of the superficial peroneal [ SP ]

nerve. Impulse conduction in A-fibres in the SP-nerve was

blocked by dc-polarisation. Each response is displayed in
!

four successive vertical traces lasting 200 ms. Beginning

on the left there are two control responses. Repetitive

stimulation at 1 / s starts at time 0. There is some variability

between individual discharges. This is probably due to varying

levels of background activity. However, there is no increased

firing rate with an increasing number of stimuli.

V



SP-C Repetitive stimulation

Time, seconds



Fig. 22

Segmental and descending inhibition acting on A-responses

in two SCT neurones. The height of the columns represents

the mean number of spikes in two SCT-neurones following

stimulation of excitatory peripheral nerves with A-strength.

The conditioning testing interval was always 40 ms.

Segmental inhibition was evoked by single stimuli [ sgl. stim.]

to non-excitatory peripheral nerves. Descending systems

were activated by repetitive [ tet. ] stimuli [ 100 Hz ] lasting 20 ms.

A ] Control values are mean numbers of spikes after stimulation

of A-fibres in the medial plantar [ MP ]. Conditioning pulse

trains in the contralateral dorsal column [ DC ] which was cut at L 1

completely abolished the discharge in the SCT-unit. Activation

of both ventral quadrants [ VQ ] was almost as effective. Slightly

less effective was a single stimulus to the contralateral medial

plantar [ XMP ] nerve.

B ] Control values are the mean number of impulses in an SCT-fibr

after stimulation of the sural [ SU ] nerve with A-strength. Single

stimuli with A-strength to the contralateral medial plantar [ XMP ]

nerve, pulse trains in the contralateral dorsolateral funiculus

[ DLF ] and in the contralateral dorsal column [ DC ] effectively

inhibited the control response.
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\!s
out of 12 SCT-units the A-response was abolished consistently,

in 5 [ 42 % ] conditioning was without any effect, in 3 [ 25 % ]

an inconsistent reduction was observed, in 1 [ 9 % ] inhibition

was clearly noticeable and only in 4 units [ 31 % ] the A-response

was inhibited by 50 % or more.

The effect of conditioning tetani in descending tracts did not
tr'

depend on the type of SCT-unit recoded from. Fibres excited only

from cutaneous A-fibres or hair only units were affected in the

same way as hair pressure units and fibres excited from A and C

fibres. The only.effect observed after stimulation of descending

pathways was inhibition. There was no indication for facilitatory

action. Finally in two units the added effect of segmental and

descending inhibition on A-responses was looked at. In both cases

added inhibition was not stronger than the initially more effective

component alone.

Interaction of C-responses in SCT-fibres with electrical activity
in descending pathways.

In 16 [ 94 % ] of 17 SCT-units the C-response was also found

to be subject to descending inhibition of varying degree [ Table 7 ].

In long drawn out discharges only fractions were affected, and it

did not matter whether early or late parts of the C-evoked response

were subjected to conditioning stimuli [ Fig. 23 ]. Discharges of

50 ms were usually affected as a whole [ Fig. 24 ], and the degree
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Table 7

Effects of conditioning responses in the SCT after electrical

stimulation of cutaneous C-fibres with pulse trains in descending

systems. Short repetitive stimuli were given either to the

contralateral dorsal columns [DC], which were cut at LI, the

contralateral dorsolateral funiculus [DLF] or to both ventral

quadrants [VQ].



TABLE 7

No. of units and percentages

Whole or fraction of

C-response after A and C volley
DC DLF VF

Total Inhibition

4 10

23% 17%

Consistent Reduction

9 3 4

53% 50% 40%

Inconsistent Reduction
3 2 4

18% 33% 40%

No Effect
1 0 2

6% 20%

Total
17 6 10

100% 100% 100%

Additional test with pure C-volley 8 4 4

Numbers and percentages of samples of SCT units,
in which C-response was conditioned with a

tetanus in either the DC, the DLF or the VF, and

degrees of inhibition observed.

Bottom line : numbers of units which have also
been tested with pure C-fibre input.



Fig. 23.

Raster display showing descending inhibition of C-evoked
c//-/'c»< Sq o / •fs'6*-4$ /'/•?

responses in a SCT-fibre after^&etivation. of the contralateral

dorsal column [DC] at various conditioning testing intervals.

The discharge was evoked by stimulation of the superficial

peroneal [SP] nerve with C-strength. Thirteen responses

are displayed each consisting of four successive vertical traces
I

1

lasting 200ms. The first three traces are control responses.
)

Note the inconsistent A-evoked response. This is probably due

to block of A-fibres in the SP-nerve by previous strong

stimulation. In the four following traces the response is

conditioned with pulse trains [20 ms, 100/s] in the contralateral

dorsal column [DC] which had been cut at LI. The delay after

the stimulus to the SP nerve is 440 ms. The next trace is another

control [DC off]. This is followed by traces showing with

conditioning testing intervals of 340 and 640 ms, and the last trace

shows a control.

I,

Inhibition can act on all parts of the C-response.



SP-A+C

SPA+C-«-DCdelay400ms 20mstetanus100/s
DCoff

SP-A+C-*DCdelay300ms 20mstetanus100/s
SP-A+C-*-DCdelay600ms 20mstetanus100/s

DCoff



FIG. 24.

Descending inhibition of C fibre evoked discharges in the SCT.

In this set of records, all from the same SCT unit, the A fibres

were not blocked. The top pair of traces, recorded at the faster

time base, show the compound action potential recorded from the

SU nerve [ the potential due to the A fibres is largely off the trace

due to the high amplification used to show the C potential ] and

the corresponding discharge in the SCT neurone due to the A fibre

input. The bottom 4 traces, recorded at the slower time base,

show the complete SCT discharge to both A and C input. The

control responses'[ CON ] demonstrate that the C input produced

4 impulses in the SCT neurone. Conditioning the response with

a 20 msec tetanus to either the contralateral dorsolateral

funiculus [ DLF ] or the cervical dorsal columns [ DC ] after

removal of the columns at L 1, completely inhibited the response

due to the C fibres. The arrows indicate the start of the 20 msec

conditioning tetani.
%
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of inhibition did not depend on whether it acted on an A+C response

or a pure C-response [ Fig. 25 ]. Conditioning tetani in the DC

and DLF produced stronger inhibition than electrical activity in the

VQ. In 15 units descending inhibition acting on A as well as on

C-responses was looked for. With two exceptions both discharges

were affected, in the same way. When the A-response was inhibited

so was the'C-response and vice-versa, and this was also true for the

effects of activity in individual descending systems.

Periods of strong inhibition after a 20 ms tetanic stimulus lasted

for 50 to 80 ms [ Figs. 23 and 24 ]. The C-response in the unit shown

in Fig. 24 lasted 50 ms when the SU-nerve was not polarised. The latency

was 220 ms. Conditioning tetani lasting 20 ms were given to the DC

or the DLF before the start of th C-response and it was completely

abolished. Polarisation of the SU nerve prolonged the C-response

[ Fig. 25 ] but only during the first 50 ms was it inhibited by

stimulation of the DC or the DLF. Similarly, 20 ms tetanic stimuli

to the descending systems usually completely inhibit activity over

50 to 80 ms in long drawn out responses [ Fig. 23 ]. Because of

varying background activity it was not possible to detect partial

inhibition.

~ i



FIG. 25.

Descending inhibition of C fibre evoked discharge in the SCT after

block of the A fibre input. This series of traces is similar to that

of Fig.14- except that the A-fibres of the sural nerve had been blocked

as shown in the sample compound action potential in the top trace

and by the fact that there is no discharge in the SCT cell due to

A fibres [ other traces ]. The occasional impulses after the stimulus

artefact in the bottom two traces are due to the spontaneous activity

in the unit. This unit is the same as that shown in Fig.24band it can

be seen that the C fibre evoked discharge is greater after blockage

of A fibre conduction. Stimulation of either the contralateral

dorsolateral funiculus [ DLF ] or the dorsal columns [ DC ], at the

arrows, produces complete inhibition of the C evoked discharge for

about 45 msec.
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DISCUSSION

In Section IV it has been firmly established that excitatory

input from cutaneous C-fibres in the SCT is subject to segmental

and descending inhibition. Both types of inhibition have a long

time course. In segmental inhibition only conditioning with activity

in cutaneous A-fibres was effective. Conditioning volleys in

C-fibres were without any effect regardless of the conditioning-

testing interval. No facilitation was observed during repetitive

stimulation of cutaneous C-fibres. Descending inhibition was

CC f/'A

produced by stimulation of the ipsilateral DC the contralateral

DLF and the medial parts of both VF.

Earlier findings of segmental inhibition of A-responses after

stimulation of non-exitatory cutaneous A-fibres ( Brown and Kirk,

1972 ) and descending inhibition ( Brown, Kirk and Martin, 1973; Taub, 1964)

could be substantiated in the present investigation. Because of their

long time course both inhibitions have been regarded as presynaptic.

Further evidence in support of this idea were the presence of DKP's

after stimulation of cutaneous nerves ( Eccles, Holmquist and

Voorhoeve, 1964; Mendell and Wall, 1964 ) and the brain stem

( Carpenter) Engberg and Lundberg, 1966; Fetz, 1967 ). Corresponding

PAD's have also been recorded in cutaneous primary afferent fibres

( Janig and Zimmermann, 1971; Carpenter, Engberg and Lundberg, 1966 ).
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In long drawn out C-responses recorded from fibres in the

DLF Mendell ( 1966 ) observed inhibition after conditioning

volleys in contralateral cutaneous A-fibres, lasting for 75 ms.

Segmental inhibition of such C-responses in the SCT was of the

same duration. However when short C-responses were

conditioned with A-volleys in non-excitatory nerves, inhibition

could be twice as long. Thus there seems to be a competitive

balance between excitatory and inhibitory input into the SCT.

y^Resuits in this section were obtained from recordings from SCT-

fibres. Axonal recordings can only provide limited information

about the inhibitory mechanisms acting on a cell or its processes,

the only usable sign being the inhibitory time course. This was

strongly in favour of presynaptic inhibition.

Inhibitory effects on A as well as on C-responses could always

be produced by conditioning volleys in identical nerves, and

inhibitory fields were probably the same for excitatory input

from both types of fibres. In many units segmental inhibition was

most powerful when nerves on the contralateral side were stimulated.

Only in two SCT-units was the C-response depressed by an A-volley

preceding activity in cutaenous C-fibres in the same nerve. This

indicates that commonly excitatory and inhibitory fields are quite

remote from each other. Thus surround inhibition can only play

a minor role in the organisation of SCT-units.
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In contrast to the strong segmental inhibition produced by-

activity in cutaneous A-fibres, conditioning with input from

C-fibres was without any effect. This was an unexpected

discovery. Janig and Zimmermann (1971 ) showed that

stimulation of cutaneous C-fibres produced PAD in myelinated

primary afferent fibres innervating hair receptors. These

fibres project to the SCT, and one would expect presynaptic

inhibition in this case. Similarly Schmidt, Senges and Zimmermann

( 1967 ), demonstrated that PAD in primary afferent fibres from

hair receptors is distributed in such a way that it would produce

surround inhibition. But Taub ( 1964 ) and Brown and Franz ( 1969 )

did not find such an inhibitory pattern in the SCT. Thus PAD

cannot be used as an indicator for inhibition in relation to

postsynaptic systems. Depolarisation is likely to take place

in terminal branches of primary afferent fibres, whereas,

PAD's are usually recorded in dorsal roots, where bifurcation

has not taken place. Bifurcation entails a reduction in diameter

and therefore also a decrease of the space constant, Electrotonic

conduction of the terminal depolarisation must therefore be more

pronounced into the parent axon, and it must not necessarily affect

all terminals.
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In two units the effect of repetitive stimulation of cutaneous

C-fibres on SCT units was investigated. No signs of facilitation

could be detected, and the wind-up phenomenon described by

Mendell and Wall ( 1966 ) could not be reproduced. It is difficult

to account for this discrepancy. One possible explanation is that

these authors were recording from propriospinal fibres and not

from SCT-units. None of their units has been identified as

belonging to the SCT.

Descending inhibitory action resembled inhibitory patterns

observed in segmental inhibition. Fetz ( 1967 ) observed inhibition

of long duration in lamina IV cells with axons projecting to the DLF,

when cutaneous A and C-responses were conditioned with pulse trains

in the pyramidal tract, and he concluded that, at least partly, this

inhibition must have been presynaptic. Descending inhibition of

A-responses in the SCT lasting longer than 100 ms has also been

demonstrated by Taub ( 1964 ) and by Brown, Kirk and Martin ( 1971 ).

The previous investigators also agree in that mostly polysynaptic input

is affected. In two SCT units from, this investigation A-responses

were exposed simultaneously to descending and segmental inhibition.

Total inhibition had the same effect as the strongest component alone,

corroborating Brown and Martin ( from Brown, Kirk and Martin, 1971 ),

who found occlusion under the same experimental conditions. It

was also a common feature that the same SCT-unit received

descending as well as segmental inhibition. With greatest economy
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the above inhibitory pattern could be produced by a system of common

inhibitory interneurones exerting presynaptic inhibition on

excitatory interneurones connected to SCT-cells. The latter

interneurones would receive their input from cutaneous A and C-

fibres. This model would also resolve the problem that it is not

the presynaptic inhibitory patterns in primary afferent fibres
[

projecting to the SCT that appear in the tract itself.

The stimulation sites of descending inhibitory pathways have

been chosen, because they were known to produce powerful

inhibition on A-responses ( Brown, Kirk and Martin, 1971 ).

Descending systems which could have been activated are the

corticospinal, the rubrospinal, the vestulo-spinal and the

reticulospinal tracts ( Nyberg-Hansen, 1966 ). Alternatively

propriospinal inhibitory systems may have been responsible

( Brown, Kirk and Martin, 1971 ). Polysegmental presynaptic

inhibition is known to act on flexor reflex afferents in spinal cats

( Mallart, 1965 )„

Melzack and Wall ( 1965 ) proposed a theory specifying the criteria

for the sensation of pain, the gate theory. Activity predominantly

in large myelinated primary afferent fibres was supposed to close the

gate for the " pain"-pathway, whereas discharge in small afferent

fibres should keep the gate open. Descending tracts were also

supposed to influence the functional state of this gate. The present

results are only marginally compatible with this model. Stimulation

of descending pathways was shown to inhibit A and C-responses.
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Segmental inhibitory patterns were not in agreement with the gate

theory. Although A-fibre input has an inhibitory effect, excitatory

and inhibitory receptive fields are mostly wide apart from each other.

Furthermore, activity in primary afferent C-fibres had no

facilitary effect, which it should have according to the theory.



SECTION V

Conclusions
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Almost all spinal neurones which receive excitatory input

from pirmary afferent C-fibres also do so from A-fibres. This

pattern was shown to hold also for the spinocervical tract. Possible

interactions between these two input components can only be

revealed by selective conduction block of A-fibres. In the

present work this has been achieved with a dc-polarisation

technique. Input from A-fibres had a profound inhibitory effect

on C-responses evoked in the SCT. But the skin areas innervated

by nerves providing inhibitory and excitatory input were mostly

wide apart from each other. Conditioning A-responses with

C-volleys in cutaneous nerves was without any effect.

SCT-units are known to respond to cutaneous stimulation painful,

when applied to human skin ( Taub, 1964; Brown and Franz, 196 9 ).

Furthermore all SCT-units excited by stimulation of cutaneous

C-fibres respond also to severe pressure applied to the skin.

Many nociceptors are innervated by C-fibres ( Bessou and Perl, 1969 ),

and some of them are likely to project to the spinocervical tract.

Messages from these receptors must be of great importance for

the animal. An organisation of segmental inhibition would therefore

be adequate, where input from primary afferent C-fibres would have

preferential access to this sensory pathway. But no indication for

such an arrangement was found.
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Taub ( 1964 ) suggested that the feline SCT might be

homologous to the primate spinothalamic tract. A number of

findings were in support of this notion. Anatomically Busch

( 1961 ) failed to demonstrate monosynaptic spinothalamic

connections in the cat. Both tracts have their cells in corresponding

locations in the dorsal horn, and a proportion of the excitatory

input into the SCT could be expected to excite also primate

spinothalamic tract cells. In the cat Kennard ( 1954 ) could

abolish behavioural responses to painful stimuli only, when the

DLF was sectioned. The present findings appear to be in support

of Taub's idea. Many cutaneous C-fibres project to the SCT, and

radiant heat increases the discharge rate in its fibres. Recently

however, direct spinothalamic fibres have been demonstrated

electrophyiologically in the cat ( Trevino, Maunz, Bryan and

Willis, 1972 ), and Truex, Taylor, Smythe and Gildenberg ( 1970 )

found a well developed lateral cervical nucleus in two out of seven

human spinal cords. Thus the two tracts may be supplementary

to each other, and the existence of one is not mutually exclusive

for the presence of the other.

Most SCT neurones receive their excitatory input from all

sizes of cutaneous primary afferent fibres and when adequate

stimulation is employed innocuous mechanical as well as

noxious stimulation evokes excitation. Thus the SCT receives
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excitatory input from receptors covering almost the whole

range of cutaneous sensory modalities. This poses the

question : is it possible to decode these vastly different

messages transmitted by identical conductors, and how can decoding

be achieved ? From behavioural experiments using dogs

( Norrsell,- 1966 ) concluded that the SCT must be the sensory

pathway involved in conditioned tactile reflexes, and it is likely

that Kennard's ( 1954 ) experiments were essentially based on

sectioning the spinocervical tract. One possible way of

decoding is that in the synaptic linkage of the cervico-thalamic

tract there are cells which are only excited by discharge patterns

typical for specific stimuli. Alternatively fractions of the total

input might be filtered out by inhibition. The present investigation

provides evidence for the latter mode. It is mainly A-delta

and certainly C-responses which are suppressed by descending

inhibition, whereas responses following stimulation of fast conducting

primary afferent fibres are little affected. Receptors innervated

by these fibres are type T and type G rapidly adapting hair

follicle receptors ( Brown and Iggo, 1967 ). Consequently in

the inhibited state SCT-units are excited only by activity evoked

by dynamic mechanical stimulation. Decreased descending
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inMbition opens this pathway for activity from A-delta and

C-fibres, among them fibres innervating pressure receptors

and nociceptors. One property of such an arrangement would be

its adequacy for novelty detection,, and this would be in agreement

with Taub's idea ( 1964 ) of the spinocervical tract as an early

alerting system. Descending inhibition would need to be tonic

in such a system. In decerebrate preparations this is the case

indeed ( Brown 1971 ).

No conclusions can be drawn about decoding of input transmitted

through small primary afferent fibres. For this purpose

experiments combining natural stimulation with conduction block .

of large myelinated fibres need to be done.

Excitatory input into the spinocervical tract from cutaneous

C-fibres was shown to be strongly inhibited by conditioning A-volleys

in non-excitatory nerves. At first sight this inhibitory arrangement

could also subserve the purpose of novelty detection. However,

in order to be efficient, such a system based on segmental inhibition

would require overlapping excitatory and inhibitory receptive

fields. Evidence for an arrangement of this kind was scarce.

Only two out of fifteen units showed an increased C-response after

conduction block of myelinated fibres in the excitatory nerve, and

in many units conditioning with A-volleys in contralateral nerves

was most effective. Because of this spatial arrangement of
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inhibitory and excitatory fields it is equally unlikely that segmental

inhibition aids directional sensitivity, which has been suggested

by Hongo Lundberg and Jankowska ( 1966 ), The functional

significance of segmental inhibition acting on input into the

spinocervical tract remains still enigmatic.
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